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Abstract 
 
Adult stem cells are established in ‘niches’, specific anatomic 
locations that regulate how stem cells participate in tissue 
regeneration and repair. Environmental signals are provided by the 
niche, which is composed of extracellular component and 
specialized cell populations located in unique topological 
relationships with the stem cells in different adult tissues.  
The extracellular matrix (ECM) represents a key component of 
the niche. Remodelling of this structure by metalloproteases 
regulates different aspects of cell behaviour. The composition of 
the ECM, its three-dimensional organization and proteolytic 
remodelling are major determinants of the microenvironmental 
signalling context that controls cell shape, motility, growth, 
survival and differentiation. 
Planarians (Platyhelminthes) represent a versatile and powerful 
model system well known for regenerative potential, high body 
plasticity and continuous cell turnover. These characteristics 
depend on a population of adult stem cells, the neoblasts. Damage 
or reduction in number of neoblasts deeply affects planarian 
regeneration and survival. Previous observations indicate that 
planarian stem cells are surrounded by rich ECM and can migrate 
in ECM during regeneration and tissue homeostasis, suggesting 
that the study of this structure may provide important information 
to understanding how the interactions between stem cells and their 
niche create the dynamic system necessary to ensure homeostasis 
and regeneration.  
I have focused my attention on the ECM class of zinc proteases, 
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named metzincins. The metzincin subgroup of zinc proteases, 
including matrix metalloproteases (MMPs), astacins and a 
disintegrin and metalloproteases (ADAMs), play a critical role in 
cell migration, differentiation and morphogenesis, for example 
interacting with signalling molecules. I characterized  11 ADAM-, 
8 Astacin- and 4 MMP-related genes, identified by bioinformatics 
analysis of the Schmidtea mediterranea genome. The experimental 
data obtained in my PhD work provide the first evidence of an 
involvement of some of these genes in the transmission of 
environmental signals required for regulation of cell fate and 
behaviour.
  
 
 
 
 
 
 
 
 
Introduction 
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Introduction 
 
1. The Extracellular Matrix (ECM) 
 
 
The primordial origin of the ECM is intrinsic to the 
appearance and development of multicellular organisms. The 
ECM is generally believed to have evolved as a response to 
mechanical forces acting on organisms consisting of more than 
a single cell. This structure provides the physical environment 
in which cells live and a substrate for cell anchorage. Beyond 
the scaffolding functions, ECM is also responsible for 
transmitting environmental signals, which affect essentially all 
cell functions. 
ECM components are produced intracellularly by resident 
cells, and secreted via exocytosis. Once secreted they aggregate 
with the existing matrix. The ECM is composed essentially of 
an interlocking mesh of fibrous proteins and 
glycosaminoglycans (GAGs) (Fig. 1). 
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Figure 1: Schematic representation of ECM structure (Karp 5th 
edition). 
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1.1 Proteoglycans  
 
 
The proteoglycans are cell-surface and extracellular matrix 
macromolecules that comprise a core protein (syndecan, 
glypican, perlecan, aggrecan, versican, decorin, collagen XI, IX 
biglycan and neurocan) to which glycosaminoglycan (GAG) 
chains are covalently attached (Esko and Selleck, 2002; 
Bernifield et al., 1999;). Members of this superfamily fulfil a 
variety of biological functions. They may act as structural 
constituents of basement membranes and functional regulators 
of several growth-factor signalling pathways (Iozzo, 2005; Lin, 
2004). Several studies indicate that proteoglycans play a critical 
role in a number of developmentally important signalling 
pathways in Drosophila, as well as in other organisms (Fig. 2) 
(Nybakken and Perrimon, 2002; Ornitz, 2000). 
      A B 
 
 
Figure 2: Proteoglycans structure. A) Schematic representation of 
proteoglycans. B) GAG chains. 
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1.2. Collagen 
 
 
Collagens are, in most animals, the most abundant proteins in 
the ECM. Collagens, by definition, consist in three intertwined 
polypeptide chains in which each third amino acid per chain is a 
glycine, accounting for the collagen repeat of GLY-X-Y, where 
X and Y are amino acids other than glycine. These molecular 
properties give rise to the unique collagen conformation, in 
which the three chains are organized in a precise relationship, 
forming a triple helix (Fig. 3) (Van der Rest and Garrone, 
1991). 
 
 
 
Figure 3: The triple helix of collagen. (a) (Left) Side view of the crystal 
structure of a polypeptide fragment (Centre) Each chain is twisted into a left-
handed helix, and three chains wrap around each other to form a right-
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handed triple helix. The schematic model (right) clearly illustrates the triple 
helical nature of the structure. (b) View down the axis of the triple helix. 
(Lodish 5th edition). 
Collagens are present in the ECM as fibrillar proteins and 
give structural support to resident cells. Collagen is exocytosed 
in precursor form (pro-collagen), which is then cleaved by pro-
collagen proteases to allow extracellular assembly. The 
collagens can be divided into several families according to the 
types of structure they form: 
 
 
   1. Fibrillar (Type I,II,III,V,XI) 
   2. Facit (Type IX,XII,XIV) 
   3. Short chain (Type VIII,X) 
   4. Basement membrane (Type IV) 
 5.Other (Type VI,VII, XIII) 
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1.3 Fibronectins 
 
 
Fibronectin proteins function is to connect cells with 
collagen fibres in the ECM. Fibronectins are multifunctional 
extracellular matrix and plasma glycoproteins, playing a central 
role in cell adhesion. Fibronectins are dimers of two similar 
polypeptides linked at their C-termini by two disulphide bonds; 
each chain is about 60–70 nm long and 2–3 nm thick. Each 
chain is composed of three types of repeating units (I, II and III 
domains), each of which appears in other proteins as well. More 
then half of the molecule consists of type III repeats. 
Fibronectins bind collagen and cell surface integrins, causing a 
reorganization of the cell cytoskeleton and facilitating cell 
movement. (Fig. 4) (Hynes, 1990).  
 
 
 
 
 
Figure 4: Organization of fibronectin chains. Only one of the two 
chains present in the dimeric fibronectin molecule is shown; both 
chains have very similar sequences (Lodish, 5th edition). 
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1.4 Laminin 
 
 
Laminin is the most abundant glycoprotein in the basement 
membrane. Laminin plays both structural and informational 
roles in many biological activities of the ECM, promoting cell 
adhesion, migration, mitogenesis, growth and differentiation 
interacting with some molecules for example integrins (Fig. 5) 
(Timpl and Brown, 1994). Laminin has been found structurally 
conserved among invertebrates (Sarras et al. 1991; Fessler and 
Fessler, 1989; McCathy et al., 1987). This conservation and the 
association of laminin with the ECM in Drosophila, sea urchin 
and Hydra suggest that it is also functionally conserved. The 
molecule consists of three disulphide-linked distinct 
glycoprotein subunits (A, B1, B2) with molecular masses of 
400, 215 and 185 kDa respectively.  
 
Figure 5: Laminin, a heterotrimeric 
multiadhesive matrix protein found 
in all basal laminae. (a) Schematic 
model showing the general shape, 
location of globular domains, and 
coiled-coil region Different regions of 
laminin bind to cell-surface receptors 
and various matrix components. (b) 
Electron micrographs of intact laminin 
molecule, showing its characteristic 
cross appearance (left) and the 
carbohydrate- binding LG domains 
near the C-terminus (right). (Lodish 5th 
edition). 	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2. Metalloproteinases  
 
 
Metalloendopeptidases are present across all kingdoms of 
living organisms; they are ubiquitous and widely involved in 
metabolism regulation through their ability either to extensively 
degrade proteins or to selectively hydrolyse specific peptide 
bonds. They must be subjected to an exquisite spatial and 
temporal control to prevent this vast potential from becoming 
destructive. These enzymes are mostly zinc-dependent and the 
majority of them, named zincins, possess a short consensus 
sequence, HEXXH, with the two histidines acting as ligands of 
the catalytic zinc and the glutamate as the general base. A 
subclass of zincins, named metzincins, is characterized by a C-
terminally elongated motif, HEXXHXXGXXH/D, with an 
additional strictly conserved glycine and a third zinc-binding 
histidine or aspartate (Maskos and Bode, 2003). Furthermore, 
these proteins additionally possess a conserved methionine 
called Met-turn (Gomis-Rüth, 2003). (Fig. 6).  
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Figure 6: Scheme of the zinc-binding motif and the Met-turn 
showing the common sequence motifs of the metzincins ( Stöcker et 
al., 1995). 
 
 
 
 
Metzincin family comprises astacin/BMP-1/tolloid 
metalloproteases, Matrix metallo Proteinases (MMPs) and the A 
Disintegrin And Metalloproteases (ADAMs). These enzymes 
are key players in cell-cell and cell-ECM interactions, in the 
remodelling of ECM, in the release of growth factors and in the 
modulation of cell surface signalling pathways, with consequent 
effects on cellular differentiation, migration proliferation and 
apoptosis (Fig. 7) (Gomis-Rüth, 2003).  
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Figure 7: Classification scheme of Metalloproteases according to their 
known zinc-binding signature. The zincins are subdivided into gluzincins 
(displaying a down-stream glutamate as the third proteinaceous metal-ion 
ligand), aspzincins (with an aspartate), and metzincins (with a histidine or 
aspartate). (Sterchi et al., 2008). 
 
 
 
Exquisite regulation of these enzymes is fundamental for 
proper functionality and to prevent appearance of misdirected 
temporal and spatial proteolytic activity. Control may be 
exercised at the transcriptional level and via post-translational 
modifications. The biosynthesis as zymogens requiring 
activation, localization of enzyme and substrate, cofactor 
binding, and substrate access and specificity, as well as the 
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presence of specific (endogenous) protein inhibitors, provide 
other means to keep metalloproteases in check. 
The failure of the regulatory mechanisms can give rise to 
pathologies like inflammation (Leppert et al., 2001), tissue 
destruction (arthritis and fibrotic diseases), neurological 
diseases (Alzheimer’ s disease, meningitis, and multiple 
sclerosis), as well as cardiovascular disorders. Proteinases also 
play a basic role in tumorigenesis and tumour progression 
events, like angiogenesis, tissue invasion, and metastatic spread 
(Bergers and Coussen, 2000). 
After activation these enzymes can exert their proteolytic 
activity. The mechanism of proteolysis is mainly an SN2 
nucleophile substitution and requires a polar solvent molecule 
(H₂ O) as nucleophile for the attack on the carbonyl carbon of 
the carbamide bond that will be cut (Fig. 8). In the active site, 
zinc coordinates with the three histidines and with a water 
molecule, polarized by the carboxyl group of glutamate present 
in the consensus. Glutamate acts as a general base, and rips off a 
proton to a molecule of water. The water, coordinated with zinc 
ion and stabilized thanks to the presence of electron doublet 
unshared, performs a nucleophile attack on the carbonyl carbon 
of the substrate to be cleave. The carbonyl carbon undergoes a 
transition, switching from an Sp₂ configuration to an 
intermediate Sp₃ carboxyl anion. This intermediate is stabilized 
by the zinc ion that accepts an electron doublet, becoming 
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penta-coordinated. The elimination is catalysed by glutamate 
that transfers the proton, stripped of solvent, to the outgoing 
amide group, resulting in the breaking of carbamide bond (Fig. 
8). 
 
 
 
Figure 8: Scheme of the mechanism of action of metzincin proteases. 
(Gomis-Rüth, 2003). 
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2.1 Astacins 
 
 
The name of this group of enzymes comes from the 
identification of a digestive proteinase in the crayfish Astacus 
astacus (Dumermuth et al., 1991; Stöcker and Zwilling, 1995).  
Most members of this family are secreted enzymes, found in the 
animal kingdom and also in some bacteria. These enzymes are 
secreted as a zymogen, i.e. an inactive form that will be 
activated when the activity is required. The analysis of amino 
acid sequences of astacin proteinase precursors has shown that 
activation of most of these proenzymes involves the action of 
trypsin or trypsin-like proteinases after protein secretion into 
extracellular space. However the C-terminus of the propeptide 
of some astacins contains RXXR motifs and this suggests the 
possibility of intracellular activation due to propeptide cleavage 
by furin (Semenova and Rudenskaya, 2008). 
Some astacins are present in almost all animal phyla (the 
tolloid family), but other members seem to be restricted to 
distinct taxa (Möhrlen et al., 2006). The number of astacin 
genes varies considerably in the different species. For example, 
human genome contains 10 genes including two meprins, three 
BMP1/tolloid-like and one ovastacin gene. The fruit-fly 
Drosophila melanogaster and the sea urchin Strongylocentrotus 
purpuratus genomes contain 16 and 23 genes, respectively. 
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Finally, 40 astacin-coding genes can be found  in 
Caenorhabditis elegans, but only a few of them have clearly 
assigned functions. Other astacin-like genes are specifically 
observed in cnidarian species such as Hydra vulgaris and (Yan 
et al., 2000), Hydractinia echinata (Möhrlen  2006) and 
Podocoryne carnea (Pan et al., 1998) and are involved in 
cellular differentiation and regeneration processes of these 
organisms. For example Hydra vulgaris metalloproteinase 1 
(HMP-1) is involved in head regeneration and trans-
differentiation of tentacle battery cells (Yan et al., 2000).  
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2.1.1 The crayfish astacin as a prototype of the 
family 
 
 
The Astacus astacus astacin was the first astacin isolated and 
characterized at biochemical and functional level. Crayfish 
astacin is composed by 200 amino acids and contains a catalytic 
domain and a propeptide of 49 residues that is cut during the 
activation of the zymogen (Dumermuth et al., 1991). This 
astacin is synthetized as a proenzyme by a glands in the medium 
intestine and secreted after the removal of the signal peptide (15 
residues) at the N-terminal. The proenzyme at this stage is 
composed by a propeptide of 34 residues and a catalytic domain 
of 200 residues and is localized transiently in the 
hepatopancreas ducts. When the enzyme reaches the stomach it 
is definitively activated by the complete removal of the 
propeptide (Stocker et al., 1993).  
On the basis of biochemical studies the activation mechanism 
consists of two phases. In the first phase the crayfish trypsin 
cuts the proenzyme, producing an inactive astacin. In the second 
phase the astacin, that is catalytically active, undergoes an 
autocatalytic scission between Gly34P and Ala1M, forming the 
active enzyme.  
X-ray crystallography studies showed the structure of the 
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crayfish astacin (Fig. 9). This enzyme contains a pocket where 
the active site is located and divides the molecule in two parts: 
the upper domain and the lower domain. The upper domain is 
formed by 5 β-sheets that are parallels except the fourth. The 
structure continues with two α-helices, one with bearing 
function and the other belongs to the active site. The last helix 
contains the first two histidine residues (His92 and His96) that 
bind the Zn2+ and the alanine of the active site (Fig. 9). At the 
end of the helix a glycine (Gly99) separates the upper domain 
from the lower domain. The lower domain contains the third 
histidine residue (His102) and a tyrosine residue (Tyr149) that 
bind the ion and stabilize the catalytic site. The last part of the 
protein is formed by a flexible segment (Asp129-Gly138) and by 
short repetitions of β-sheets. In addition an α-helix on the 
molecular surface is present at the C-terminus. This helix 
stabilizes the structure and gives stiffness to the molecule thanks 
to the presence of two disulphide bonds (Cys42–Cys198 and 
Cys64-Cys84)  (Fig. 9) (Guevara et al., 2009). 
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      A B 
 
 
Figure 9: Structure of crayfish astacin. A) In light blue the mature astacin, in 
orange the propeptide. B) Enlargement of the active site (Guevara et al., 2010). 
 
 
 Based on their characteristics, that also reflect different 
physiological functions, some major astacin groups can be 
classified: 
1. tolloid/BMP1 proteinases 
2. hatching enzymes  
3. meprin proteinases 
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2.1.2 Tolloid/BMP1  
 
 
Tolloid is a protein involved in Drosophila dorsal-ventral 
patterning, and is related to vertebrate bone morphogenetic 
protein 1 (BMP1) (Takahara et al., 1995; Shimell et al., 1991). 
BMP-1 is identical to the procollagen C-proteinase (Li et al., 
1996), which activates pro-collagens, pro-proteoglycans and 
other precursors of matrix proteins and thereby triggers the 
proper ECM assembly (Hopkins et al., 2007; Ge and 
Greenspan, 2006). In addition to the crucial role in the dorso-
ventral patterning in the embryo, Tolloid also cleaves growth 
factors and their antagonists (Holley and Ferguson, 1996). 
Typically, tolloid proteins are characterized by C-terminal CUB 
and EGF-like domains, which are thought to be important for 
substrate recognition and binding (Wermter et al., 2007; Hintze 
et al., 2006; Garrigue-Antar et al., 2001; Sieron et al., 2000).  
The CUB-domains containing 100-110 amino acid residues 
have been named after complement proteinases C1r/C1s, Uegf 
protein (analogue of epidermal growth factor from sea urchin), 
and enzymes related to BMP- 1. These domains have been 
found in proteins involved into angiogenesis, tissue 
regeneration, and nerve impulse propagation. EGF domains 
homologous to epidermal growth factor contain 30–40 amino 
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acid residues. These domains may bind Ca2+ ions and they may 
be involved into protein-protein interactions (Fig. 10) (Bond and 
Beynon, 1995). 
 
 
 
 
 
 
Figure 10: Drosophila Tolloid structure. Zn: Zn2+-catalytic domain; 
CUB: complements subcomponents C1r/C1s, embryonic sea urchin 
protein UegF; BMP-1; EGF: Epidermal growth factor.   
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2.1.3 Hatching enzymes 
 
 
Another large and diverse group of astacins are the so-called 
hatching enzymes, which degrade embryonic envelopes during 
hatching of crustaceans, fishes, frogs, birds and mammals. 
Members of this heterogeneous group often contain C-terminal 
cysteine-rich and CUB domains, yet some consist of a single 
catalytic domain, with a minimal structure. Examples of these 
enzymes are fish alveolin, bird CAM1, medaka LCE (low 
choriolytic enzymes) e HCE (high choriolytic enzymes), the 
mammalian ovastacins and the Astacus astacus digestive 
enzyme (Fig. 11) (Yasumasu et al. 1996; Elaroussi e DeLuca 
1994; Quesada et al. 2004). 
 
 
 
Figure 11: Structure of a hatching enzyme. The signal peptide is in 
red. The green line indicates the propeptide. Zn2+ is the catalytic 
domain (yellow). 
 
 
Some metalloproteinases from the nematode Caenorhabditis 
elegans (NAS-6, NAS-15, NAS-31, NAS-32), the freshwater 
	   	   Zn 
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Hydra, Hydra vulgaris (Sarras et al. 2002), the actinia Hydra 
echinata (Möhrlen et al., 2006), the jellyfish Podocoryne 
carnea (Pan et al., 1998), and the oyster Pinctada fucata (Xiong 
et al., 2006) contain, in addition to minimal structure, a small 
domain of six cysteine residues. This domain (ShK) is 
homologous to the sea anemone toxin, acting at sodium 
channels, but it is different from the EGF-like domain or other 
Cys-rich domains. It is possible that its interaction with victim 
proteins results in victim paralysation (Pan et al., 1998). 
However in oyster pf- ALMP toxin domain seem to be essential 
for involvement of the enzyme in cell proliferation (Xiong et 
al., 2006). 
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2.1.4 Meprins 
 
 
The third defined group of astacin proteinases, the meprins, 
are distinguished by a unique domain structure that includes a 
trans membrane domain. In contrast to other astacins, meprins 
have been found only in Vertebrates (human, mouse, rat, 
zebrafish) (Schütte et al., 2007; Beynon et al., 1981). Meprins 
are characterized by the presence of MAM- and MATH-
domains. These domains are mainly organized in β-structures 
and are often included into structures of secreted proteins or 
extracellular domains of trans membrane proteins. MAM-
domains have been found in meprins, Xenopus laevis protein A-
5 and tyrosine phosphatase µ. Cysteine residues of these 
domains are involved into formation of disulphide bonds 
between meprin subunits. MATH-domains containing about 180 
amino acid residues have been found in meprin and TRAF 
(TNF receptor associated factor) protein (Bond and Beynon, 
1995). MAM- and MATH-domains are involved into homo-
oligomerization of proteins and their interaction with receptors 
(Fig. 12). 
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Figure 12: Meprin structure. The signal peptide is in red. The green line 
indicates the prosequence. In yellow the Zn2+  catalytic domain. In purple the 
MAM domain. In pink the TRAF domain. In deep green the EGF domain. In 
white is the trans membrane domain TM.  
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2.2 A Disintegrin And Metalloproteases 
(ADAMs) 
 
The ADAMs (A Disintegrin And Metalloproteinase) are a 
family of trans membrane and secreted proteins of 
approximately 750 amino acids in length, with functions in cell 
adhesion and proteolytic processing of the ectodomains of 
diverse cell surface receptors and signalling molecules. Their 
name derives from their modular construction and makes an 
entertaining allusion to the initial characterization of members 
of the family in snake venom and as sperm proteins associated 
with fertility (Wolfsberg et al., 1995). Adamalysins are similar 
to the matrixins in their metalloprotease domains, but contain a 
unique integrin receptor-binding disintegrin domain. It is the 
presence of these two domains that gives the ADAMs their 
name (a disintegrin and metalloprotease). The domain structure 
of ADAMs proteins consists of a prodomain, a metalloprotease 
domain, a disintegrin domain, a cysteine-rich domain, an EGF-
like domain, a trans membrane domain, and a cytoplasmic tail. 
The number and composition of the domains vary in different 
members of this family (Fig. 13). The adamalysins subfamily 
also contains the class III snake venom metalloproteases and the 
ADAMTS family. These enzymes, although similar to the 
ADAMs, can be distinguished structurally and include at least 
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one thrombospondin type 1 repeat (Apte, 2004). 
ADAMs members have been found in Vertebrates and 
invertebrates, but not in Escherichia coli, Saccharomyces 
cerevisiae or plants. The fission yeast Schizosaccharomyces 
pombe has what may be an early progenitor of the ADAMs 
family, although its properties have not been studied. In humans 
there are 25 adam genes, 37 in mouse, 13 in Xenopus. Finally, 4 
genes have been identified in Ciona intestinalis: adam-a and 
adam-b (orthologues of mammalian adam17 and adam10, 
respectively), adam-c1 and adam-c2 (orthologues of human 
adam 7, 9, 11, 12, 15, 18, 19, 22, 23, 28, 32, 33). S 
Strongylocentrotus purpuratus shows 10 genes coding for 
adams. Two of them are well characterized: one shows 
similarity with human adam17 and the other has been defined as 
adam12/15/19/33-like (Angerer et al., 2006). Drosophila 
contains one orthologous of the human adam17 and 2 genes that 
show high similarity with adam10: kuzbanian (Kuz) and 
kuzbanian-like (Kul). Caenorhabditis elegans has 6 genes 
coding for adams (c34h3.1, f27d9.7, adm-1/unc-71, adm-2, sup-
17 and adm-4), where sup-17 is the orthologous of adam10, and 
adam-4 of adam17. Generally these genes show an interrupted 
genomic organization and different splicing variants. In most 
adam genes alternative splicing affects the exons codifying the 
cytoplasmic region (Jarriault and Greenwald, 2005). The 
expression profile of these genes is variable. For example the 
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genes codifying adam 2, 7, 18, 20, 21, 29, 30 are expressed 
exclusively in the testis or in associated structures in mammals. 
adam8, 9, 10, 11, 12, 15, 17, 19, 22, 23, 28, 33 show an 
ubiquitous expression, even if adam12 is mainly expressed in 
the skeletal muscle, adam8 in the hematopoietic tissue and 
adam11, 22, 23 in the CNS.  
In the literature, this family is often also referred to as the 
MDC family, indicating the presence of metalloprotease, 
disintegrin, and cysteine-rich domains. Furthermore, individual 
family members often have two or more names. In total, there 
have been at least 37 adam genes described in a variety of 
species. 
 
 
 
Figure 13: Domain structure of the ADAMs (Huovila et al., 2005) 
  
41 
Introduction 
 
 
X-ray crystallography studies on the MDC structure revealed 
that these enzymes take a C-shape conformation, where a part of 
the cysteine-rich domain extends to the catalytic domain 
(Takeda et al., 2006). The catalytic domain possesses a globular 
ellipsoidal structure and is composed by 5 β-sheets and 4 α-
helices in the N-terminal part. The 5 β-sheets constitute the 
central part of the domain and run parallel to each other and 
perpendicular to the longitudinal axis of the ellipsoid. These 
sheets have a curved run defining a concave structure and are 
surrounded by the α-helices, α2 and α4 on the concave side and 
the α3 on the convex side. The α1 runs on the same side of the 
β-sheet. In the C-terminal of the protein is another α-helix, α5, 
and three convolutions. The active site coincides with the α4, 
surrounded on the top side by the β-sheet β4, and on the bottom 
side by two regions of the C-terminal loop (Orth et al., 2004). In 
the active site are three histidine residues that coordinate the 
Zn2+ ion. These amino acids defined extremely conserved motifs 
in all the metalloproteases that possess the histidine as a 
coordinator of metallic ions (Fig. 14).  
 
 
  
42 
Introduction 
 
 
Figure 14: Structure of ADAM catalytic domain (Orth et al., 2003). 
 
 
 
The ADAMs possess signal sequences at the N-terminal, 
which direct the proteins to the secretory pathway. This is 
followed by a prodomain which has a double function: acts as 
an intramolecular chaperone to ensure correct protein folding 
(Roghani et al., 1999), removal of the prodomain from the 
ADAM17 or ADAM10 results in the lack of the activity of 
these proteins (Milla et al., 1999), and maintains the enzyme 
latency by the cysteine-switch mechanism. On the basis of this 
model the prodomain folds on the catalytic domain and the Zn2+ 
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ion coordinates with the three histidines, maintaining the active 
site inactive. A subsequent proteolytic cleavage of the 
prodomain makes the protein catalytically active. The 
prodomain is generally removed intracellularly during transit 
through the Golgi system by the activity of furins or proprotein 
convertases (PCs) liable of the prodomain cleavage at level of a 
conserved region RX(R/K)R (Lum et al., 1998). For 
mammalian ADAM8 and 28 there is evidence that this involves 
an autocatalytic mechanism in the activation of the protein 
(Schlomann et al., 2002). The metalloproteinase domain is 
immediately C-terminal to the prodomain and is followed by a 
disintegrin-like domain, so-called for the ability of small 
proteins found in haemorrhagic snake venoms to bind platelet 
integrin, blocking platelet aggregation (Niewiarowski et al., 
1994). The disintegrin domain contains a stretch of 14 amino 
acids, known as the ‘‘disintegrin loop”, and characterized by the 
consensus sequence CRXXXXXCDXXEXC, that is implicated 
in interactions between ADAMs and integrins. This domain is 
present in all ADAMs except ADAM10 and ADAM-17 (White 
et al., 2003). The disintegrin domain is followed by the 
cysteine-rich domain that has functions in substrate recognition 
by the hyper variable region (HRV). The variability of the HRV 
confers substrate selectivity between one ADAM to the others. 
For example, by removing this domain, ADAM17 is unable to 
cleave the receptor 2 of IL-1, but can cut TNF-α (Reddy et al. 
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2000). Most ADAMs then have an EGF-like domain, adjacent 
to a membrane-spanning region, which is followed by a 
cytoplasmic tail that varies extensively in length, (11 residues in 
ADAM11 to 231 residues in ADAM19: Seals and Courtneidge, 
2003), between different ADAM family members. Most of the 
ADAMs show domains PXXP in the cytoplasmic tail. These 
domains can interact with SH3 domains, suggesting that the 
cytoplasmic tail regulates the protease activity in response to 
intracellular signalling events. For example ADAM12 is 
retained in the cytoplasm in a mature form and can be exposed 
on the membrane only after stimulation with PMA (phorbol 12-
myristate 13-acetate). This regulation requires the presence of 
the cytoplasmic tail and is dependent from PKCε (Sundberg et 
al., 2004). 
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2.2.1 ADAMs activity  
  
 
The mechanisms proposed to explain ADAM activities are 
three: 
1.Shedding  
2. RIPing  
3. Adhesion 
 
 
 
2.2.1.1 Shedding activity  
 
 
The ADAM proteins recognize and cleave a target exposed 
at the cell surface. The cut determines activation/deactivation, 
or promotes the release of active ligands. In this process the 
activity of the catalytic domain is required. An example is 
represented by ADAM17. ADAM17 is also known as TACE 
(TNFα converting enzyme) for its capacity to cleave tumour 
necrosis factor-α (TNFα). This cytokine exists in two forms, an 
inactive precursor of 223 amino acids, which is anchored to the 
cell membrane, and a secreted active form of 146 amino acids. 
Inhibition of ADAM17 severely inhibited the processing of the 
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TNFα (Black et al. 2002). ADAM17 also regulates the release 
of the entire family of ligands EGF (HB-EGF, TGF-α, 
anfiregulin, epiregulin and betacellulin). These proteins are 
anchored to the membrane in an inactive form, being the 
activity of ADAM17 required for the release of the active 
molecule (Blobel 2005). The mechanism proposed seems to 
depend on the activity of GPCRs (G protein-coupled receptors) 
that interact, by an unknown process, with the cytoplasmic tail 
of ADAM17, regulating its proteolytic activity on the EGF 
factors (Zhang et al. 2006). Another example of the shedding 
activity is represented by ADAM9 and ADAM13 that mediate 
the release of cadherin-11 during the embryonic development. 
Inhibition of these two proteins results in an accumulation of 
cadherin-11 and alteration in the migration of neural crest cells 
in Xenopus embryo (Fig. 15) (McCusker et al. 2009). 
 
 
 
 
Figure 15: Shedding activity of ADAMs.  
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2.2.1.2 RIPing (regulated intramembrane 
proteolysis) 
 
 
In this process the enzyme cleaves the substrate anchored to 
the cell membrane as in a normal process of shedding. However 
follow a second cut of the substrate on the inner part 
(cytoplasmic) and the fragment releases activate a signal 
transduction cascade. An example of RIPing is the NOCH 
cleavage by ADAM10/Kuzbanian. NOTCH, once bound to its 
ligand Delta, undergoes a first cleavage by 
ADAM10/Kuzbanian, allowing release of the ectodomain. A 
second cut of the cytosolic region by the γ-secretase complex 
produces translocation of the Notch intracellular domain into 
the nucleus, where it associates with different transcription 
factors (CBF1, Suh, Lag-1) to regulate the expression of 
specific target genes (Fig. 16) (Allinson et al., 2003). 
 
 
Figure 16: Activation of the Noch pathway by ADAM10/Kuzbanian. 
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2.2.1.3 Adhesion 
 
 
Several ADAM show no catalytic activity. Many of these 
have an altered, not functional catalytic zinc domain, and 
probably act via a simple bond to a target molecule, without any 
substrate cleavage (Fig. 17). The model proposes that these 
enzymes adhere to the substrate only by the disintegrin domain. 
These ADAMs generally have different classes of integrins as 
target molecules. The mechanism can be acting "in cis" - the 
ADAM binds an integrin present on the same cell membrane - 
or in "trans - the ADAM binds an integrin exposed on the 
surface of another cell -. In any case, this mechanism helps cell-
cell interaction, then migration or adhesion phenomena on the 
substrates. 
 
Figure 17: Adhesion mechanism of ADAMs. 
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2.2.2 Functions of the ADAMs  
 
 
 The biological processes involving ADAMs include sperm–
egg interactions, cell fate determination in the nervous system, 
cell migration, axon guidance, muscle development and diverse 
aspects of immunity. In humans, ADAM17 (TACE) 
orchestrates immune and inflammatory responses via activation 
of pro-TNF-α, but is also essential during development for the 
activation of membrane-associated ligands of the epidermal 
growth factor receptor (EGFR) (Blobel, 2005). Ectodomain 
shedding of several substrates is coupled to their subsequent 
cleavage by ‘‘regulated intramembrane proteolysis” (RIP) 
generating nucleus-targeted signals, Notch being the foremost 
among these (Saftig and Hartmann, 2002). ADAM10, the 
principal sheddase involved in Notch signalling, has also 
emerged as a key player in cell fate specification and guidance 
mechanisms, via Eph tyrosine kinases and their ligands 
(ephrins) (Janes et al., 2005).  
The ADAMs play a potentially protective role in the 
pathogenesis of Alzheimer (Postina et al. 2004). Moreover, 
several ADAMs enhance the malignant aspects of tumours by 
stimulating cell proliferation via EGFR Receptor activation 
(Kenny and Bissell, 2007; Borrell-Pages et al., 2003) and by 
induction of epithelial–mesenchymal transition via cleavage of 
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E-cadherin (Maretzky et al., 2005). 
The ADAMs possess many target factors. A problem shared 
by all ADAMs is that they have no selectivity for a single 
substrate. In addition, the high level of functional redundancy 
found among members of this family increases the level of 
complexity. The same substrate can be recognized and 
processed by several different ADAMs. For this reason the 
phenotypes often are unclear in functional studies. For example, 
TNFα is usually processed by ADAM17, but several studies 
have shown that ADAM10 and ADAM9 cut the TNF-α (Reddy 
et al. 2000) as well. Despite the strong redundancy, adam10 
knockout in mice results in embryonic death around 9 days after 
conception, with anomalies in the CNS, the cardiovascular 
system and somites. This phenotype is very similar to the 
phenotype obtained by NOTCH/DELTA knockout (Hartmann 
et al. 2002). Studies reported in invertebrates, such as 
Caenorhabditis elegans and Drosophila, confirm the essential 
role of ADAM10 in embryonic development (Saftig and 
Hartmann, 2002). In adult organisms, altered expression of this 
gene is associated with the Alzheimer's disease and ADAM10 
overexpression causes a drastic decrease in the β-amyloid 
plaques (Postina et al. 2004).  
  
51 
Introduction 
 
2.3 Matrix Metalloproteases (MMPs) 
 
 
MMPs, also designated matrixins, hydrolyse components of 
the extracellular matrix. These enzymes can degrade most ECM 
components, thereby regulating cell migration, apoptosis, as 
well as releasing and activating growth factors (Vu and Werb, 
2000). MMPs currently comprise a family of 26 related, yet 
distinct gene products, of which 24 are found in mammals. The 
number of MMPs differs in different organisms. A maximum of 
26 mmps genes have been found in the Strongylocentrotus 
purpuratus genome, 6 genes in Caenorhabditis.elegans and 
only 2 in Drosophila melanogaster.  
MMPs are translated as zymogens (i.e., an inactive enzyme 
or proMMP) and contain a signal sequence peptide for targeting 
to secretory vesicles. MMPs are secreted or anchored to the cell 
surface, confining, as a consequence, their catalytic activity to 
proteins of the extracellular space or to membrane 
proteins/proteins of the secretory pathway.  
To be classified as an MMP, a protein must have at least the 
conserved pro and catalytic domains. All MMPs are synthesized 
with an N-terminal signal sequence, which is removed upon 
insertion into the endoplasmic reticulum, yielding the latent 
proenzymes. N-terminal prodomain (PRO) of a typical MMP is 
about 80 amino acids long and contains the consensus sequence 
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PRCXXPD, named cystein switch (Cys switch). The exception 
to this rule is the human MMP-23, in which the critical cysteine 
is found within a distinct run of amino acids (Velasco et al., 
1999). The catalytic domain (CAT), except the two gelatinases 
A and B, which have additional fibronectin-type-II-domain 
(FN) inserts, consists of approximately 175 amino acids and 
contains three conserved histidines, in the conserved sequence 
HEXXHXXGXXH that bind the active site Zn2+. The glutamate 
residue within the catalytic motif activates a zinc-bound H2O 
molecule providing the nucleophile that cleaves peptide bonds. 
The two matrilysins, MMP-7 and MMP-26, consist of the 
prodomain and the catalytic domain alone, whereas all other 
human MMPs exhibit additional C-terminal domains. 
Human MMP-23 and MMP-21/22 are unique in having a 
Cys/Pro-rich and IL-1-type-II receptor-like (Gururajan et al., 
1999) or Ig-like C2-type domain (Bode et al.2003). In all other 
MMPs, the catalytic domain is covalently connected, through a 
Pro-rich hinge of up to 70 residues, to a C-terminal four 
hemopexin-like (PEX) repeats. In the gelatinases, and the 
membrane-type MMPs in particular, this Pro-rich hinge may be 
longer.  
Finally in the MT- MMPs, the polypeptide chains continue 
ending in additional C-terminal tails, which either include a 
trans membrane helix (TM) and terminate with a short 
cytoplasmic domain (CYT) (Cao et al., 1995; Sato et al., 1994), 
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or have termini that act as a glycosylphosphatidylinositol (GPI) 
membrane-anchoring signal, which becomes replaced by the 
GPI membrane anchor (Itho et al., 1999).  
These membrane-type MMPs are grouped in 6 distinct 
subclasses on the basis of their trans membrane domain 
topology and characteristics. MT4- (MMP-17) and MT6-MMP 
(MMP-25) are GPI anchored. MT1-, MT2-, MT3, MT5-MMP 
possess a trans-membrane domain. In the MT1- (MMP-14), 
MT2- (MMP-15), MT3- (MMP-16), MT5-MMP (MMP-24) the 
trans-membrane domain is localized at the C-terminal having a 
Nexo/Ccyto topology and for this reason are membrane-type I 
MMPs. In MMP-23A, MMP-23B, MMP-22 and MMP-21 the 
trans membrane domain is localized at the N-terminal part of 
the prodomain rendering these proteinases membrane type II 
proteins with Ncyto/Cexo topology (Pei et al., 2000). A schematic 
representation of all MMPs identified is shown in (Fig. 18). 
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Figure 18: Domain structure of the MMPs (Rivera et al., 2010). 
 
 
 
X-ray crystallography and nuclear magnetic resonance 
(NMR) have determined the 3D structure of a different  MMPs 
(Fig. 19). The structure of the prodomain is known for MMP-2, 
MMP-3, and MMP-9. It consists of three α-helices and 
connecting loops. An extended peptide region after helix α3 lies 
in the substrate-binding cleft of the catalytic domain. This 
region contains the conserved cysteine switch, which forms a 
fourth ligand of the active site Zn2+, keeping the zymogen 
inactive. The orientation of the propeptide backbone, as it 
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interacts with the active-site cleft, is opposite that of a peptide 
substrate. The polypeptide chain folds of the catalytic domains 
are essentially superimposable. The chain consists of a 5-
stranded β-sheet, three α-helices (like the other metzincins) and 
connective loops. The substrate-binding cleft is formed by 
strand IV, helix B, and the extended loop region after helix B. 
Three histidines coordinate the active-site zinc (Bode et al., 
1994). The loop region contains the conserved “Met-turn,” a 
base to support the structure around the catalytic zinc. The 
glutamic acid adjacent to the first histidine is essential for 
catalysis. The hemopexin domains have a 4-bladed β-propeller 
fold, with a single stabilizing disulphide bond between blades I 
and IV (Nagase et al., 2006). 
β-Propeller domains with a larger number of blades are 
found in other proteins, such as heterotrimeric G proteins, 
clathrin, and the α-subunit of integrins. These domains often 
mediate protein-protein interactions (Smith et al., 2000). 
Depending on the specific MMP, the hemopexin-like domain is 
important for substrate specificity and is required for proMMP-
2 activation and dimerization of MT1-MMP and MMP-9. 
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Figure 19: The three-dimensional diagram of human proMMP-2 and 
TIMP-2 complex. The pro-domain is shown in green, catalytic domain in 
red, fibronectin type II domains in blue, hemopexin domain in orange, and 
TIMP-2 in pink. Zinc ion is in green sphere, calcium ion in blue sphere and 
disulfide bonds in yellow (Nagase et al., 2006). 
 
 
In addition to the highly conserved three-dimensional 
structure, MMPs share a similar genetic organization, 
suggesting that they arose by duplications of an ancestor gene. 
For example, in humans, the collagenases (mmp-1, mmp-8, 
mmp-13 and mmp-18), stromelysin-1 (mmp3), and 
stromelysine-2 (mmp10) genes contain each 10 exons and 9 
introns in 8–12 kbp of DNA (Ravanti and Kahari, 2000; Collier 
et al., 1988; Fini et al., 1987). Based on the cDNA sequences, it 
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may be hypothesized that human matrilysin (MMP-7) coding 
gene lacks exon 7–10, which encodes the hemopexin-like 
domain, as well as all most of exon 6, which encodes the hinge 
region. The 72 kDa gelatinase and the 92kDa gelatinase coding 
genes are considerably larger (26–27 kbp) and contain three 
additional exons, which encode the three fibronectin type II 
domains. The extended hinge region of the 92 kDa gelatinase is 
encoded entirely by exon 9 (Gooley et al., 1993; Huhtala et al., 
1991; Huhtala et al., 1990). 
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2.3.1 Control of the proteolytic activity of MMPs  
 
 
The proteolytic activity of most MMPs is regulated and it is 
only exerted where and when required (Holzer and Heinrich, 
1980). Such control may occur through modulation of gene 
expression, compartmentalization, allostery, or inhibition by 
protein inhibitors. TIMPs are specific inhibitors that bind MMPs 
in a 1:1 stoichiometry. Four TIMPs (TIMP-1, TIMP-2, TIMP-3, 
and TIMP-4) have been identified in Vertebrates, and their 
expression is regulated during development and tissue 
remodelling. Under pathological conditions associated with 
unbalanced MMP activities, changes of TIMP levels are 
considered to be important because they directly affect the level 
of MMP activity (Visse and Nagase, 2008).  
Another regulatory mechanism is the zymogenic latency 
typically provided by the N-terminal propeptide. This 
mechanism blocks the access of substrates to the active-site cleft 
and they are removed by limited proteolysis during maturation 
(Khan and James, 1998). 
MMPs comprise a globular propeptide (60 to 90 amino 
acids) upstream of the catalytic domain, which includes a three-
helix bundle. This bundle creates a scaffold to place a segment 
in extended conformation to block the active site cleft. The 
segment includes a conserved “cysteine-switch” or “velcro” 
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sequence motif, PRCGXPD, which runs through the active site 
cleft in the opposite direction to a substrate bound along the 
cleft.  
Latency of MMPs is maintained by an electrostatic 
interaction between the free thiol of Cys-switch ligated to the 
zinc ion in the catalytic pocket. In this state, the prodomain 
covers the catalytic cleft thereby barring interaction with a 
protein substrate. Proteolytic cleavage of the prodomain, for 
example by furin or other proteases, removes the thiol constrain. 
It was hypothesized that this mechanism is shared, with some 
variation, by other metzincin families (Guevara et al., 2010). 
The thiol–zinc interaction can also be disrupted by non-
proteolytic means, such as organomurcials (APMA) or SDS. 
MMPs can be activated by proteinases or in vitro by chemical 
agents, such as thiol-modifying agents (4-aminophenylmercuric 
acetate, HgCl2, and N-ethylmaleimide), oxidized glutathione, 
SDS, haotropic agents, and reactive oxygens. Low pH and heat 
treatment can also lead to activation. These agents most likely 
work through the disturbance of the cysteine-zinc interaction of 
the cysteine switch. The subsequent removal of the rest of the 
propeptide is due to intermolecular reaction of the generated 
intermediates. Most proMMPs are secreted from cells and 
activated extracellularly. Pei and Weiss (1995) first 
demonstrated that proMMP-11 (stromelysin 3) is activated 
intracellularly by furin. In fact ProMMP-11 possesses a furin 
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recognition sequence, KX(R/K)R, at the C-terminal end of the 
propeptide. Several other MMPs, including the MT-MMPs, 
have a similar basic motif in the pro peptide. Consequently they 
are secreted as active enzymes (Fig. 20) (Visse and Nagase, 
2003). 
 
 
 
 
Figure 20: Mechanisms of ProMMP activation. (Fu et al., 2008) 
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2.3.2 MMPs Functions 
 
MMPs can cleave virtually any structural ECM molecule; 
they can also cleave several circulating, cell surface and ECM 
molecules and function pericellularly at focussed locations 
(Murphy and Nagase, 2011). These properties enable them to 
regulate cell behaviour in numerous ways by several 
mechanisms. These mechanisms include: i) the alteration of 
cell-matrix and cell-cell interactions; ii) the release, activation, 
or inactivation of autocrine or paracrine signalling molecules, 
and iii) the potential activation or inactivation of cell surface 
receptors. By controlling cell adhesion and the cytoskeletal 
machinery, MMPs contribute to determine fundamental 
processes of the cell, such as shape, movement, growth, 
differentiation, and survival (Lukashev and Werb, 1998). By 
extension, MMPs influence these same processes by altering 
both composition and structural organization of the ECM, 
thereby altering matrix-derived signals. Proteolytic ECM 
remodelling also results in the release of modular breakdown 
products with biologic activity. For example, the MMP-
dependent cleavage of native fibrillar collagen exposes 
otherwise cryptic RGD sites that can then be ligated by αvβ3 
integrin, and this interaction promotes the survival and growth 
of melanoma cells (Petitclerc et al. 1999). In addition, the 
cleavage of intact laminin-5 by MMP2 generates a γ2-chain 
  
62 
Introduction 
fragment (γ2x) that induces epithelial cell motility, presumably 
by exposing an otherwise inaccessible site (Giannelli et al., 
1997). ECM also acts as binding reservoir for various growth 
factors and cytokines that are released once the ECM molecules 
are degraded. For example, the small collagen-associated 
proteoglycan decorin acts as a depot for TGF-β, and its 
degradation by various MMPs makes the otherwise sequestered 
TGF-β available to carry out its biologic functions (Imai et al. 
1997).  
By cleaving cell-cell adhesion proteins, by releasing 
bioactive cell surface molecules, or by cleaving cell surface 
molecules that transduce signals from the extracellular 
environment, MMPs may therefore influence cell behaviour. 
For example MMP7, a matrilysin, cleaves the adherent junction 
protein E-cadherin, and the soluble extracellular fragment that is 
released disrupts cell aggregation and promotes cell invasion in 
a paracrine manner independent of the cleavage event itself 
(Noe et al. 2001;Lochter et al. 1997). It has been hypothesized 
that the MMP-mediated cleavage of E-cadherin abrogates its 
tumour suppressive activity and influences other aspects of 
cancer associated with E-cadherin and MMP alterations, such as 
epithelial-to-mesenchymal phenotypic conversions, invasion, 
and genomic instability (Sternlicht et al., 2000). However is 
also demonstrated that MMP-7 is involved in the cleavage of N-
cadherin and promotes vascular smooth muscle cell (VSMC) 
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apoptosis (Williams et al., 2010). Trans membrane MT-MMPs 
can also degrade cell surface tissue transglutaminase, an 
integrin-binding co-receptor that promotes adhesion and 
spreading of the cells on fibronectin and can thus regulate 
cancer cell migration either positively or negatively, depending 
on the type of ECM the cells encounter (Belkin et al., 2001). 
MMPs can also release cell surface molecules. For example, 
MMP7 can induce Fas receptor-mediated apoptosis by releasing 
active soluble Fas ligand from the surface of the same target 
cells, and this shedding appears to influence involution of the 
prostate following castration, since prostatic involution is 
significantly diminished in MMP7-deficient mice (Powell et al., 
1999). The shedding of soluble Fas ligand could prevent cancer 
progression, or it could promote progression either by exerting 
pressure for the selection of subpopulations that are refractory to 
Fas-mediated cell death or by merely removing a critical 
component of the Fas-mediated apoptotic pathway (Mitsiades et 
al., 2001; Fingleton et al., 1999). In addition, MMP7 has an 
important role in the maintenance of innate immunity in organs 
such as lungs and intestine, where it proteolytically activates 
anti-bacterial peptides, such as pro-defensins. MMP7 is also 
important for mediating proteolytic release of TNF from 
macrophages. Consistent with its role in innate immunity, 
MMP7 is induced by microbial products and also, unexpectedly, 
by hypoxia (Burke, 2005). 
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3. Adult Stem Cells (ASCs) 
 
Adult or somatic stem cells (ASCs) are present in most, if not 
all, adult organs. These cells are often quiescent or relatively 
slow cycling cells, able to respond to specific environmental 
signals.. ASCs divide through asymmetric division with one 
daughter cell keeps the “stemness” status whereas the second 
one undergoes series of rapid cell divisions providing a transient 
amplifying stock that will subsequently commit to one or 
multiple differentiated fates (Raff, 2003). 
There are two mechanisms by which this asymmetry can be 
achieved, depending on whether it occurs pre- (divisional 
asymmetry), or post- (environmental asymmetry) cell division. 
In divisional asymmetry, specific cell-fate determinants in the 
cytoplasm (mRNA and/or proteins) redistribute unequally 
before the onset of cell division. During mitosis, the cleavage 
plane is oriented such that only one daughter cell receives the 
determinants. Therefore, two non-identical daughter cells are 
produced, one retaining the stem-cell fate while the other 
initiates differentiation (Fig. 21). In invertebrate model systems, 
the establishment of asymmetry by this mechanism is crucial for 
various developmental processes and the molecular basis for it 
has been well documented (Roegiers and Jan, 2004). An 
alternative way to achieve asymmetry is by exposure of the two 
daughter stem cells to different extrinsic signals provided by 
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distinct local microenvironments. Therefore, a stem cell would 
first undergo a symmetric self-renewing division, producing two 
identical daughter cells. While one daughter cell would remain 
in the microenvironment conserving its stem-cell fate (stem cell 
niche), the other cell would contact (passively or actively) a 
different microenvironment that would no longer preserve its 
stem-cell phenotype, but would instead produce signals 
initiating differentiation (Ohlstein et al., 2004; Spradling et al., 
2001). In this context the stem cell behaviour is regulated by 
coordination between environmental signals and intrinsic 
programs.  
Stem cell niches are specialized microenvironments that 
balance stem cell activity to sustain the stem cell pool within 
each tissue/organ system in order to maintain tissue homeostasis 
and repair throughout the lifetime of an organism (Scadden, 
2006). Environmental signals are provided by the niche, which 
is composed of extracellular components and specialized cell 
populations, located in unique topological relationships with the 
stem cells in the different tissues.  
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Figure 21: A model of asymmetric cell division. a) Divisional asymmetry: 
cell-fate determinants are asymmetrically localized to only one of the two 
daughter cells, which retains the stem-cell fate, while the second daughter 
cell undergoes commitment to differentiate. b) Environmental asymmetry: 
after division, one of two identical daughter cells remains in the self-
renewing niche microenvironment, while the other cell relocates outside the 
niche to a different, differentiation-promoting microenvironment (Raff, 
2003). 
 
 
Many niche properties, conserved in a variety of stem cell 
systems across different species, provide evidence of the impact 
of the niche on the stem cell maintenance and behaviour. One of 
the main functions of the niche is its ability to set cell-to-cell 
interaction and cell-to-ECM adhesion anchor mechanisms. 
These mechanisms provide a link between stem cell anchorage 
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and release of regulatory signals that are important for stem cell 
self-renewal, differentiation and turnover (Xi, 2009). Supporting 
niche cells, ECM and growth-modulating factors stored within 
it, as well as the physical characteristics of the surrounding 3D 
structures, all contribute to the niche (Moore and Lemischka, 
2006; Haylock and Nilsson, 2005). One of the recent paradigm 
shifts in stem cell biology has been the discovery that adult stem 
cells can begin to differentiate into mature cells when exposed 
to intrinsic properties of ECM. Besides its obvious roles in 
determining the architecture and mechanical properties of 
tissues, the ECM greatly influences adhesion, migration, 
proliferation, differentiation, and survival of the cells (Abbott, 
2003; Cukierman et al., 2001; Lukashev and Werb, 1998; 
Gospodarowicz, 1984). Permanent instructions and permissive 
information seem to be exchanged between cells through the 
ECM. The quantitative and qualitative micro-heterogeneity and 
the spatio-temporal variations of the microenvironment, as well 
as its pathological modifications, have essential roles in the 
regulation of cell fate and behaviour (Daley et al., 2008; Geiger 
et al., 2001) and play a pivotal role in stem cell maintenance, 
differentiation and migration (Watt and Hogan, 2000). Different 
ECM components can selectively affect many types of signal 
transduction pathways, including those leading to regulation of 
apoptosis and differentiation (Mannello et al., 2005).  
Cells residing in the ECM not only receive ECM cues, but 
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also influence ECM signalling by secreting ECM components 
and producing enzymes that cause proteolytic modification of 
proteins and growth factors in the ECM. The final result is a 
‘‘give and take’’ relationship between cells and the ECM that 
defines their behaviour (Fig. 22) (Behonick and Werb, 2003). 
 
 
 
Figure 22: Schematic representation of a stem cell niche. Different 
components to the niche participate to modulate stem cell behaviour 
(Scadden, 2006). 
 
 
In this context stem-cell function is regulated by changes in 
the niche environment, for example alterations in the amount 
and composition of the extracellular matrix, or an impaired 
ECM remodelling in which the stem cells reside or by any 
combination of these (Xie and Spradling, 2000).  
Dissection of the cellular and molecular components has 
provided important insights into the role of ECM in the 
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maintenance and modulation of stem cell niche in different 
systems. Uncovering the important signals generated by the 
ECM will shed light on the environmental mechanisms that 
regulate stem cell self-renewal and maintenance (Li and Xie, 
2005). 
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4. ECM Remodelling and ASC Behaviour 
 
 
ECM is not merely a passive structure. In the past few years 
it has emerged that the matrix is a dynamic action zone that 
functions to instruct cellular phenotypes (Streuli, 1999). There 
are two many ways in which ECM can affect cell behaviour: i) 
through harbouring growth factors or growth factor-binding 
proteins. By sequestering of such factors, ECM is now 
recognized to play an active role in their mobilization. 
Remodelling enzymes are in fact pivotal in the decision to 
release matrix-bound factors and thereby control cell behaviour. 
As an example, ECM modulates the bioactivities of growth 
factors and cytokines, such as transforming growth factor-β 
(TGF- β), tumour necrosis factor-α, by activating latent growth 
factors via proteolytic processing (Tufvesson and Westergren-
Thorsson, 2002; Gleizes et al., 1997) by sequestering growth 
factors and hindering them from binding to their receptors, or by 
directly affecting receptor activity (Santra et al., 2002). These 
properties contribute to modulate the function of stem cells or 
their progeny in physiological conditions, in age-related decline 
of stem-cell functionality and also during disease conditions 
(Chang and Werb, 2001). ii) through cell-ECM interactions. 
These interactions can directly regulate cell behaviour, either 
through receptor-mediated signalling or by modulating the 
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cellular response to growth factors. Any event altering the 
composition or structure of the ECM, for example through 
remodelling enzymes, can have profound effects on cellular 
behaviour, either through receptor-mediated signalling (Daley et 
al., 2008) or by modulating physical interactions with cells, 
such as the control of cell geometry, ECM 
geometry/topography, ECM mechanical properties, and the 
transmission of mechanical or other biophysical factors to the 
cell (Guilak et al., 2009). Interaction of cells with ECM largely 
defines migration capacity of cells and ways of their 
dissemination in normal tissue processes and during tumour 
progression (Alexandrova, 2008). A large number of enzymes 
are involved in the ECM remodelling and their actions on ECM 
components can influence matrix dynamics at multiple levels. 
These include tissue serine proteases and the large family of 
metzincins. These enzymes act as broad-spectrum proteases for 
the main ECM degradation events that occur during tissue 
remodelling. In addition to directly degrade matrix proteins, 
they in fact convert structural molecules to signalling molecules, 
and release small bioactive peptides and growth factors stored 
within the ECM, participating to cell invasion, migration and 
process outgrowth in physiological setting (Fig. 23). 
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Figure 23: Some ways in which ECM remodelling can affect cell 
behaviour. (a) Remodelled ECM directly alters cell–ECM interactions, 
affecting integrin signalling and integrin-mediated crosstalk with growth 
factors. (b) ECM remodelling releases bound growth factors (GF). (c) 
Exposure of cryptic sites (grey bands) within the ECM alters integrin 
signalling. (d) ECM remodelling releases bioactive ECM fragments (black 
bar). (e) Surface-bound ECM remodelling enzymes shed growth factor 
ectodomains. GFR, growth factor receptor (Streuli, 1999).  
  
 
Most of the remodelling enzymes are secreted as zymogen 
and become activated only following cleavage of the amino-
terminal pro-domain. In order that the proteolytic activity does 
not lead to widespread destruction of ECM, their activation is 
closely orchestrated adjacent to the cell surface (Werb, 1997). 
One process, which provides an example of how the organized 
ECM remodelling can influence behaviour of the cell during the 
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normal differentiation process is the cutaneous wound healing. 
Following injury, an elaborate chain of events is triggered to 
ensure that basal keratinocytes migrate to re-epithelialize the 
wound (Wilson et al., 1997). One of the first changes is the 
altered keratinocyte–ECM interaction at the wound edge, where 
cells that have migrated beyond the basement membrane 
become exposed to dermal collagen. The resulting interaction of 
fibrillar collagen with keratinocyte α2β1 integrin rapidly 
triggers MMP-1 (collagenase-1) expression (Pilcher et al., 
1997). MMP-1 denatures fibrillar collagen I by cleaving the α1 
and α2 chains at specific amino acid recognition sequences, 
thereby reducing its adhesive function and exposing cryptic 
sites within the ECM. This event provides a more favourable 
environment for migration (Messent et al., 1998). A 
consequence of ECM remodelling is that changes within the 
complex three–dimensional organisation of the matrix can 
reveal cryptic sites previously unrecognisable by their cell 
surface receptors. Proteolysis of collagen-1 exposes integrin 
binding sites that lead cells to engage migration machinery or to 
assemble multiprotein complexes involved in adhesion 
(Messent et al., 1998). ECM cleavage also has the potential to 
conceal protein–protein interaction sites. Fibronectin is elastic 
and normally exists in a stretched form in the pericellular 
matrix, but it contracts considerably after fibril rupture (Hash et 
al., 1999). This has the potential to alter the network assembly 
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of fibronectin, as a critical assembly domain is exposed in 
stretched fibronectin molecules, but is hidden when tension is 
relaxed (Zhong et al., 1998). Thus, subtle changes within the 
ECM (resulting from specific enzymatic cuts or altered 
conformation) influence how the matrix is constructed and how 
cells perceive it. 
Growth factors release is turning out to be a common theme 
in the regulation of cell behaviour by ECM remodelling. It has 
been recognised for some time that growth factor-binding 
proteins can be sequestered by the ECM, thereby providing a 
means to regulate their activity. One example regards the tolloid 
family of astacin metalloproteinases. The products of Sag (in 
flies) and Chordin (in fish and frogs) bind and sequester TGF-β 
family members involved in the establishment of dorso-ventral 
patterning. The Drosophila gene tolloid encodes at least two 
metalloproteinases, tolloid and bone morphogenetic protein 1 
(BMP1), which process the Sag–Depp and Chordin–BMP4 
complexes, thereby releasing the active differentiation factors 
(Marques et al., 1997; Piccolo et al., 1997). 
The ADAM family members, which have both disintegrin 
and metalloproteinase domains, are an intriguing and growing 
family of novel metalloproteinases that are likely to have a key 
role in ECM remodelling and cellular differentiation (Black and 
White, 1998). These enzymes are soluble or associated with 
ECM, or they exist on the cell surface. One of the key functions 
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of the ADAM protein KUZBANIAN is the proteolytic 
processing of Notch receptors and their ligands. KUZBANIAN-
mediated cleavage of Notch represents the first step in the 
regulated proteolysis of the receptor, leading to activation of the 
Notch pathway. The proteolytic processing of Notch ligands 
modulates the strength and duration of Notch signals 
(Zolkiewska, 2008). 
Together, these data suggest a novel strategy for the control of 
cell behaviour by ECM remodelling enzymes. ECM–
metalloproteinase crosstalk can provide spatial and temporal 
decisions for where and when developmental specifications 
occur. The positional data contained within ECM is vital for 
differentiation decisions, while inappropriate alterations in the 
structure and content lead to disease states, including neoplasia. 
In most of these processes delicate balance between the 
functions of proteases and their control mechanisms is required. 
Alteration in this balance - that is physiological during 
development - may modify protease activity and trigger ageing 
and pathologies, for example malignant transformations (Chang 
and Werb, 2001).  
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5. The Planarian Model System 
 
 
Planarians are free-living members (Class Turbellaria) of the 
Phylum Platyhelminthes, These animals are triploblastic 
bilaterians, with derivatives of all three germ layers (ectoderm, 
mesoderm, and endoderm), bilateral symmetry and 
cephalization, and organized tissues with distinct organs (Fig. 
24). In other words, planarians have key anatomical features 
that might have been platforms for the evolution of the complex 
and highly organized tissues and organs found in higher 
organisms. Planarians are dorso-ventrally flattened worms, lack 
a coelom, an anus, as well as circulatory, respiratory, and 
skeletal systems. Characteristic of planarians is the three-
branched digestive apparatus that is connected to the pharynx 
(the mouth opening) in the middle of the ventral side of the 
body. The loose connective tissue between the body wall 
musculature and the gut is called parenchyma (the planarian 
mesenchyme) and contains various cell types, such as epidermal 
gland cells, parenchymal cells, pigment cells and stem cells 
(neoblasts) (Sánchez Alvarado, 2004)  
In the anterior part of the planarian, on the dorsal side, a pair 
of eyes, consisting of photoreceptor cells and pigment cells, can 
be distinguished. The photoreceptor cells project the axons to 
the visual region of the brain. The brain, which is bilobed and 
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located on the ventral side of the animal, is connected to two 
ventral nerve cords that run longitudinally, each following the 
lateral side of the body (Fig. 24). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: The anatomy of a planarian. A) The gastro-vascular 
system. B) The excretory system (a dorsal network of canals and flame 
cells). C) The central nervous system. D) The reproductive system 
(Sánchez Alvarado, 2008). 
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Planarians are usually hermaphroditic and most of them often 
possess the ability to reproduce both asexually and sexually. In 
the period of asexual reproduction, planarians do not have 
mature gonads and these must be formed de novo when the 
animal acquires a sexualized condition. Recent molecular data 
suggest that the asexual organism does in fact possess 
primordial germ cells. In contrast, the reproductive organs 
degenerate when planarians shift to asexual reproduction as well 
as during regeneration and starvation (Handberg-Thorsager and 
Saló, 2007; Wang et al., 2007; Sato et al., 2006).  
The planarian Schmidtea mediterranea exists as two strains, 
of which one reproduces sexually and the other asexually. 
Whereas sexual reproduction occurs by cross-fertilization 
between two hermaphroditic planarians, asexual reproduction is 
a fissiparous process followed by the reformation of the missing 
body parts. The main morphological difference between the 
strains is the lack of reproductive organs in the asexual 
population; although under certain circumstances the asexual 
planarians can generate reproductive structures, they 
nevertheless result in sterile cocoons (Benazzi et al. 1975). 
In recent years, planarians have been increasingly recognized 
as an emerging model organism amenable to molecular genetic 
techniques aimed at understanding complex biological tasks 
commonly observed among metazoans. Growing evidence 
suggest that this model organism is uniquely poised to inform us 
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about the mechanisms of tissue regeneration, stem cell 
regulation, tissue turnover, and pharmacological action of 
diverse drugs, cancer, and aging (Oviedo et al., 2008). 
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6. Tissue Homeostasis and Regeneration 
 
 
A wide variety of distinct biological processes, acting at 
different levels, ranging from the molecular to the organismal, 
contribute to the maintenance of the anatomical form and 
functionality in the adult animals. (Rando, 2006). Stem cells 
play an important role in both tissue homeostasis and tissue 
regeneration. During cell turnover, they serve as a reservoir for 
tissue renewal and repair,, restoring differentiated cells that are 
eliminated by cell death (Raff, 2003).  
This process concerns: 
1) Continuous or periodic elimination of differentiated cells 
from the tissue.  
2) Dead cells are replaced through cell division, typically 
involving adult stem cells and their descendants  
3) The newly generated cells differentiate and become 
functionally integrated with the pre-existing tissue. 
Most phyla include species that are able not only to replace 
cells of their tissues, but also to regenerate large sections of the 
body. Regeneration in adult organisms can be viewed as a 
striking example of post-embryonic morphogenesis. It involves 
the recognition of tissue loss, followed by mechanisms that 
reconstruct or restore the relevant structure (Brockes and 
Kumar, 2008). 
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Although Hydra and planaria represent the most studied 
models of regeneration among invertebrates, this phenomenon 
has been observed also in other taxa, for example Arthropods, 
Annelids, Nemerteans, Echinoderms and Ascidians. In addition 
there are examples of regeneration among Vertebrates. The 
most widely used models are Amphibians, namely newts, 
axolotl, salamanders, and zebrafish (Stoick-Cooper et al., 2007).  
Regenerative process can act by different mechanisms. It is 
difficult to classify the regenerative processes present in nature, 
because many of them overlap with tissue homeostasis, if there 
are in fact any differences between them (Handberg-Thorsager 
and Saló, 2008).  
The comparative analysis of regenerative contexts showed 
that the ability of an organism to regenerate depends on its 
capacity to access a source of stem cells and/or to reprogram 
differentiated cells (Birnbaum and Sánchez Alvarado, 2008; 
Poss, 2007; Odelberg, 2005; Brockes and Kumar, 2002). 
Classically, regenerative events in metazoans were divided 
into two mechanisms, morphallaxis, and epimorphosis (Morgan, 
1900). These concepts refer to the organization of the different 
sub processes that we find in regeneration: pattern re-
specification, tissue regrowth, and others. Morphallaxis refers to 
regeneration through substantial remodelling and re-
establishment of patterns within pre-existing tissue. Hydra 
provides an example of morphallatic regeneration. 
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Epimorphosis, by contrast, occurs when lost parts are built anew 
through the growth of new correctly patterned tissues. Typical 
examples are tail and limb regeneration in newts. 
However, these two regenerative strategies might be two 
extreme poles of a continuum that would better represent the 
variable complexity of the multiple distinct regenerative 
contexts. For example, in planarians, regeneration results from a 
mixed morphallactic-epimorphic process that varies according 
to the site of the amputation (Agata et al., 2007; Saló and 
Baguñà, 1984).  
Besides the basic differences underlying this classification, 
the process differs in other ways, for non-blastemal and 
blastemal-based regeneration. Non-blastemal regeneration 
occurs as the result of: a) trans-differentiation of the remaining 
tissue into the missing structure, b) limited dedifferentiation and 
proliferation of surviving cells in the organ after injury or 
amputation and c) by proliferation and differentiation of stem 
cells present in the damaged tissue. Examples of this kind of 
regeneration are provided by lens regeneration in Urodele 
Amphibians and by liver and bone regeneration in humans 
(Stoick-Cooper et al., 2008). Blastemal-based regeneration 
involves the formation of a specialized structure, known as 
regenerative blastema. Two compartments make this structure: 
the superficial sheet of epidermal cells, covering the bud, and a 
mass of cells of mesenchymal origin. The blastema appears to 
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be a conserved structure that develops in all bilaterians that are 
know to posses the ability to regenerate, including Vertebrates. 
This model of regeneration is common to planarians, clams 
(gastropods and cephalopods), Echinoderms, and Urochordates 
as well as to limb and tail regeneration in Vertebrates. There are 
however, obvious and important differences between the 
regeneration potentialities of simple organisms and complex 
animals (Sánchez Alvarado, 2000). Two distinct strategies to 
form a blastema can be identified: a direct strategy, relying on 
the recruitment of residing stem cells, and another, more 
indirect, relying on cell plasticity, i.e. on dedifferentiation of 
adult cells located near the wound. Planarians illustrate the first 
case where the formation of blastema requires the recruitment of 
ASCs, named neoblasts (Saló, 2006; Reddien and Sánchez 
Alvarado, 2004; Saló and Baguñà, 2002; Baguñà et al., 1989). 
On the contrary, blastema formation in Urodeles is 
predominantly based on the dedifferentiation of numerous cell 
types (multinucleated myocytes, fibroblasts, chondrocytes, 
Schwann cells) into cycling progenitors (Lo et al., 1993; 
Muneoka et al., 1986; Geraudie and Singer, 1981; Hay, 1959). 
The pluripotency of these progenitors was often assumed, but 
never proven (Brockes and Kumar, 2002; Bryant et al., 2002; 
Echeverri and Tanaka, 2002). Recently, Tanaka’s group 
performed systematic cell lineage tracing studies in transgenic 
animals, and showed that the plasticity of these progenitors is 
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actually more restricted than anticipated: they keep the memory 
of their cellular origin and re-differentiate in the regenerated 
structures, according to this origin (Kragl et al., 2009). The 
direct and indirect mechanisms of blastema formation are not 
mutually exclusive and can be combined in different 
proportions in distinct tissues of the same regenerative animal 
(Galliot and Ghila, 2010).  
While some animals, such as Hydra, planarians and starfish, 
show a remarkable ability to regenerate the whole organism 
from just a small fragment, amputation of a salamander limb 
results in two pieces with very different regenerative abilities, 
being only one of them able to regenerate.  
Only in a very restricted number of vertebrate species and 
tissues the initial phase of repair is followed by the structurally 
and functionally perfect restoration or regeneration of an organ. 
Even when it occurs with optimal efficiency, wound repair in 
most vertebrate organs is dominated by a fibro-proliferative 
response that produces a fibrotic scar. The injured organ is 
patched rather than restored to its original state (Gurtner et al., 
2008). Recently the possible role of immune cells in interfering 
with the events of regeneration has received little attention from 
developmental biologists, interested in epimorphic regeneration 
and its loss in mammals. It has been proposed that the more 
primitive immune system of urodele amphibians may be the key 
to the excellent regenerative properties of these animals. In fact 
  
85 
Introduction 
developmental immunology shows “immunodeficiency” in 
urodeles and a shift toward greater immune reactivity during 
anuran metamorphosis. In mammals and adult frogs, the 
interplay of these factors in the wound environment affects 
mesenchymal cells/fibroblasts in a way that produces 
fibroplasia, fibrosis, and scarring. The microenvironment and 
cytokines of the immune system are central to the processes of 
tissue repair and wound healing. In fetal mammalian skin and 
limbs of young frog larvae, the wound microenvironment allows 
signalling and patterning of mesenchymal cells so that perfect 
restoration of the damaged organ can be achieved (Harty et al., 
2003). Unique example of complete restoration of body parts 
observed in mammals is represented by MRL mice that seem to 
reduce inflammation after injury, allowing a greater degree of 
regenerative growth.  
Two key molecules involved in the MRL regenerative 
phenotype and strongly activated in healer vs. non-healer mice 
are two matrix metalloproteases: metalloproteases 2 and 
metalloproteases 9 (Vorotnikova et al., 2010; Heber-Katz and 
Gourevitch, 2009). Wound healing and regeneration are 
complex processes requiring the appropriate temporal and 
spatial expression of signalling molecules and their receptors, 
cellular adhesion molecules, and ECM proteins. 
Metalloproteinases are capable of processing many signalling 
molecules, adhesion molecules, and ECM proteins and thus are 
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likely involved in the control of all aspects cell behaviour, from 
homeostasis to wound repair. MMPs and ADAMS are primary 
players in tissue remodelling, but also in the control of the 
inflammatory response, through the regulation of chemokine or 
their receptors and cytokine activity and signalling gradients 
(Gill and Parks, 2007). 
Based on the evidence that inflammation and scarring, 
involved in the inhibition of tissue/organ regeneration, are 
tightly regulated by cytokines and other signalling molecules 
and that these processes are strongly regulated by the activity of 
ECM enzymes, the study of the role of matrix components may 
be relevant for developmental biologists investigating 
regeneration, as well as tissue homeostasis. 
 
  
87 
Introduction 
 
7. Regeneration and Tissue Homeostasis in 
Planarians 
 
 
Adult planarians provide a unique model system to study the 
mechanisms used by stem cells to generate the appropriate 
number and types of differentiated cells lost during cell turnover 
and regeneration. In planarians, regeneration, germ-cell 
specification, and adult tissue homeostasis involve a large 
population of adult stem cells, known as neoblasts. These cells 
have classically been defined on the basis of the morphology, 
anatomical distribution, and mitotic activity. Specifically, 
neoblasts are small cells (approximately 5–10 µm) that have a 
high nuclear to cytoplasmic ratio and lack distinguishing 
features of differentiated cell types (Fig. 25). They are 
distributed throughout the body parenchyma - a mesodermal 
tissue that occupies the space between the epidermis and the gut 
- but are absent in the pharynx and in the region anterior to the 
photoreceptors (Fig. 25). 
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Figure 25: Neoblasts. A) A neoblast visualized by light microscopy; scale 
bar 8 µm. B) Electron microscopy image of a neoblast showing 
undifferentiated cytoplasm rich in ribosomes; scale bar 1 µm. C) Neoblasts 
localized in the parenchyma visualized using in situ hybridization of 
Djmot.Scale bar 100 µm. 
 
Neoblasts constitute ∼25–30% of planarian cells and are the 
only proliferating cells of planarians (Baguñà et al., 1989). This 
has been demonstrated experimentally by the specific labelling 
by using an antibody against the phosphorylated form of histone 
H3 (H3P), and by the thymidine analog BrdU (Newmark and 
Sánchez Alvarado, 2000). 
The process of regeneration in planarians follows a mixed 
morphallactic-epimorphic model (Fig. 26) (Saló and Baguñà, 
1984). During the first morphallatic step, an initial pattern is 
established within a narrow area of blastema and post-blastema 
cells. Then this pre-pattern is amplified and refined by 
production of new cells (by epimorphosis). 
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Figure 26: Summary of the morphallactic-epimorphic model of 
pattern formation. A,B) After amputation, an early morphallatic phase 
occurs in the small newly formed blastema (b) and in the post-blastema 
(pb). C) Combined morphallactic-epimorphic phase transforms the early 
patterns into visible morphological structures. Remodelling is also 
necessary to adjust the planarian body to the new smaller proportions. D) 
After 1-2 weeks the regeneration process is completed by extensive 
growth and re-patterning, resulting in a smaller planarian with correct 
proportions (Handberg-Thorsager et al., 2008). 
 
 
After amputation, epithelial-parenchymal interactions at 
wound epithelium and signals from the damaged tissues (Kato 
et al., 2001) activate proliferation of neoblasts in the stump 
region about 0-300 mm beneath the wound (post-blastema), 
allowing regeneration to proceed. Cells produced by the mitotic 
activity migrate and progressively accumulate under the wound 
epithelium, forming the regenerative blastema. Blastemal cells 
undergo differentiation into new tissues and organs, while the 
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stump is drastically remodelled by morphallaxis. The 
regeneration process in planaria S. mediterranea is visualized in 
figure 27. 
 
 
 
Figure 27: Regeneration in the planarian Schmidtea mediterranea. 
(Handberg-Thorsager et al., 2008). 
 
 
 
Recently, combining BrdU labelling and in situ hybridization 
experiments with the possibility to selectively destroy neoblasts 
using γ-irradiation, a set of genes specifically expressed in 
neoblasts and their descendants have been identified. Planarian 
stem cells express conserved regulators of stem cell function, 
also present in mammals (Guo et al., 2006; Reddien et al., 
2005b). Based on the sensibility to radiation, expression pattern 
and BrdU labelling, neoblast-related genes have been divided in 
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4 categories. Pulse experiments with BrdU have demonstrated 
that neoblasts are initially the only cells, which incorporate 
BrdU (category 1 and 2). Then the labelled progeny migrate to 
post-mitotic tissues (e.g., anterior region of the animal) and 
integrate into differentiated tissues (category 3, category 4) 
(Eisenhoffer et al., 2008; Reddien et al., 2005b; Newmark and 
Sánchez Alvarado, 2000). Two populations of radiation-
sensitive cells (X1 and X2) with neoblast morphology can be 
isolated using Fluorescence Activated Cell Sorting (FACS) 
(Reddien et al., 2005b; Hayashi et al., 2006). Quantitative RT-
PCR analysis of X1 cells showed high levels of expression of 
Category 1 markers and, when combined with BrdU, 
demonstrated that isolated X1 cells are the dividing stem cells 
observed in the whole animal. Little is known about the X2 
population of radiation-sensitive cells. X2 population appears 
heterogeneous, containing a mix of stem cells and at least two 
distinct subpopulations of post-mitotic progeny  (Eisenhoffer et 
al., 2008).  
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Figure 28: Planarian stem cells and their descendants. A) Genes of 
categories 1 (blue), 2 (green), and 3 (red) are expressed in cells specifically 
organized along the A-P and D-V axes. B) Lineage determination in 
planarian stem cells. Three different scenarios for changes in gene expression 
during migration are depicted. C) Population dynamics of stem cells and 
their descendants during regeneration. Proliferating cells are restricted to the 
area below the amputation plane and give rise to descendants that migrate 
into the blastema tissue differentiating in the appropriate cell types 
(Eisenhoffer et al., 2008). 
 
 
These data support a model whereby transition from cycling 
stem cells to non-dividing progeny during cell turnover is 
accompanied in vivo by changes in gene expression that occur at 
specific times and locations during migration. These findings 
reveal that, like mammals, planarian worms possess a complex 
stem cell system, including progenitors and lineage-restricted 
stem cells (Fig. 28). Moreover, the experimental accessibility of 
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planarian stem cells makes these animals a unique model system 
to monitor distinct subsets of cells in vivo, allowing to vertically 
integrate molecular studies, performed in planarians, to higher 
organisms, including humans, beginning to dissect the complex 
population dynamics that occur during homeostasis and injury 
repair. 
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8. Planarian ECM and proteolytic enzymes 
 
 
Little is known about the composition of ECM in planaria. 
Some studies on flatworm ECM showed that the biochemical 
characteristics of ECM components in the planarians Dugesia 
japonica and Polycelis nigra, as well as in other flatworms, 
such as Microstomum lineare and Diphyllobothrium 
dendriticum (Cestoda) are similar to those found in the ECM of 
other animal phyla. In fact ECMs have been shown to contain 
collagen type IV, fibronectin, and laminin fibrillar components 
(Hori, 1992; Lindroos and  Wikgren, 1990).  
Planarian parenchyma appears to be characterized by a very 
primitive ECM, as it contains no distinct fibrous elements 
(Pedersen, 1963; Hori 1979a; Hori 1979b). However ECM 
plays a pivotal role in regeneration. The rate of synthesis of 
collagens increases in fact during this process, suggesting that 
ECM components (including collagens) play roles in 
regeneration-related tissue remodelling. In addition, presence of 
fibronectin-like molecules has been demonstrated on the surface 
area of fixed parenchyma cells and of regenerative cells 
undergoing directional movement. This suggests a possible role 
for these molecules in providing a microenvironment in which 
cells can regularly migrate and express their differentiation 
program (Hori, 1991).  
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Other studies in D. japonica, focused at the characterization 
of enzymes involved in the wounding process, demonstrate that 
planarians possess a collagenolytic enzyme of 40 KDa released 
around the body when the animal is placed on a type I collagen 
gel and the body decomposed. No collagenolysis tooks place 
when the worms were placed alive on the gels. This release did 
not require expression of genes and their translation into 
proteins. Probably planarians sequester some collagenolytic 
enzyme in the body for rapid activation after body injury. This 
enzyme is not stored in the cells, but kept extracellularly, 
probably in an inactive form, because the isolated cells did not 
lyse the gel, when cultured on it at 37°C (Sawada et al., 1999).  
Regeneration and consequently tissue homeostasis require 
not only the ability to produce new cells, but also the ability to 
specify cell fate. Regeneration in planarians is accomplished 
through cooperation between the growth of new tissue in the 
cleavage amputation site and the remodelling of pre-existing 
tissue. Thus, if at one side there is a control in the remodelling 
of ECM to create a permissive microenvironment, at the other 
side there is the necessity to maintain the signalling pathways 
required for the correct cell fate determination. Some 
metalloproteases are involved in the control of some signalling 
pathways required for the cell fate determination. For example 
some astacin members, named BMP/tolloid, have been shown 
to play a pivotal role in the regulation of dorso-ventral 
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patterning in Drosophila and Vertebrates.  smedolloid-1, a 
homolog of Drosophila tolloid, - the only astacin gene 
characterized in planaria so far, appears to be involved in the 
regulation of the dorsal-ventral patterning during regeneration 
and tissue homeostasis (Reddien et al. 2007). 
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A key challenge in stem cell research is to learn how to direct 
the differentiation of stem cells toward specific fates. Stem cell 
maintenance and differentiation are governed by unique local 
microenvironments (Watt and Hogan, 2000; Fuchs et al., 2004). 
Identifying specific cues in the microenvironments, such as 
secreted factors, and understanding how neighbouring cells and 
the extracellular matrix control developmental fate will provide 
new tools with which to promote the differentiation of stem 
cells into particular cell types. Many studies have established 
that complex interactions between soluble and ECM molecules 
but also the remodeling of ECM by metzincins regulate cell 
stem cells fate, for example modulating the cellular response to 
growth factors or creating a permissive substrate where stem 
cells can migrate (Streuli, 1999; Cool and Nurcombe, 2006). 
Literature data demonstrate that proliferation and tumour 
progression are processes strongly affected by activity of 
metzincins (Rivera et al., 2010; Zucker and Cao, 2009). Their 
changes during malignant transformation are important factors 
that influence adhesive properties and mitotic activity of tumour 
cells by interaction with some signalling pathways. For these 
reasons metzincins represent potential useful targets of 
anticancer therapies (Vihinen et al., 2005). I have chosen to 
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study planarians as a model system because these organisms are 
one of the simplest metazoans endowed with extraordinary body 
plasticity and regeneration capability. These remarkable 
attributes are based on the presence of a population of stem cells 
that share features with both embryonic and adult stem cells. 
This provides us with new, experimentally accessible contexts 
in which to study in vivo the molecular actions guiding 
planarian stem cell fate restriction, differentiation and 
patterning, each of which is crucial not only for regeneration to 
occur, but also for the survival and perpetuation of all 
multicellular organisms (Sànchez Alvarado, 2004). 
Although humans and planarians are not closely correlated, 
bioinformatics analysis points out that several human genes, 
some of those associated with pathological state, have 
ortologues in planarians. Recent studies show that mammalian 
and planarian stem cells can share molecular characteristics. In 
fact the conserved role of some genes in the control of stem cell 
behaviour has been demonstrated from different laboratories. As 
no uniquely human biological mechanisms have yet come to 
light, the findings in a simple model, such as planarians, can be 
important for the study of stem cell biology in humans as well 
(Spradling et al., 2006; Pellettieri and Sànchez Alvarado, 2007) 
ECM–metalloproteinase crosstalk can provide spatial and 
temporal decisions for where and when developmental 
specifications occur. The positional data contained within ECM 
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is vital for differentiation decisions, while inappropriate 
alterations in the structure and content lead to disease states. 
The in vivo study of metzincins has the potential to uncover 
how ECM works through ECM remodeling enzymes and the 
basic mechanisms by which these molecules can modulate the 
stem cell behaviour. 
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1. Animals and treatments 
 
 
Asexual specimens of D. japonica (GI strain) were maintained 
at 18°C in autoclaved stream water, fed weekly with chicken 
liver and used for experiments after 10 days of starvation. 
Regenerating fragments were produced by transverse 
amputation at the prepharyngeal level  
The clonal line BCN-10 of the asexual strain of the planarian 
S. mediterranea collected in Montjuïc (Barcelona, Spain) and 
sexual S. mediterranea from Sardinina were also used. Animals 
were maintained at 18°C in artificial Montjuïc water (NaCl 
1.60mM, CaCl2 x 2H2O 1.00mM, MgSO4 1.00mM, MgCl2 
0.10mM, KCl 0.10mM, NaHCO3 1.20mM). Planarians were fed 
with veal liver and starved for at least one week prior to 
experiments. Regenerating fragments were produced by 
transverse amputation at the prepharyngeal level. Some intact 
worms were exposed to a lethal dose of γ-irradiation using the 
following conditions: 100Gy for S. mediterranea and 30 Gy for 
D. japonica using an IBL 437C gamma-irradiator (CisBio 
International) approximately 5,9 Gy/min. In addiction some 
intact worms were exposed to a sub lethal dose (5Gy) of X-rays 
(200 KeV, 1 Gy/min), using a Stabilipan 250/1 instrument 
(Siemens, Gorla-Siama, Milan, Italy) equipped with a Radiation 
Monitor 9010 dosimeter (Radcal Corporation, Monrovia, CA, 
USA).  (Eisenhoffer et al., 2008; Hayashi et al., 2006; Reddien 
et al., 2005a; Rossi et al., 2008; Salvetti et al., 2000). 
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2. RNA extraction 
 
 
Total RNA was extracted with the NucleoSpin RNAII kit 
(Machery-Nagel) from intact planarians and regenerating 
fragments. RNA was reverse-transcribed using Superscript First 
Strand Synthesis System (Invitrogen). Each extraction was 
tested for the absence of genomic DNA by control RT-PCR 
reactions performed in the absence of reverse transcriptase. 
 
 
 
3. Sequence analysis of predicted S. mediterranea 
metzincins 
 
 
Sequences encoding a predicted open reading frame (ORF) 
similar to metzincin genes were analysed; duplicates were 
removed after comparing ClustalW sequence alignments of the 
predicted protein using BioEdit. Similarity search was 
conducted with http://www.ncbi.nlm.nih.gov/BLAST/. Motif 
scan was performed using SMART http;//smart.embl-
heidelberg.de. The hydrophilicity was predicted using 
http://www.expasy.ch/cgi-bin/protscale.pl and the trans 
membrane domain was predicted using TMHMM 2.0 on the 
server http://www.cbs.dtu.dk/services/TMHMM/. The presence 
of signal peptide was predicted using SignalP 3.0 on the server 
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http://www.cbs.dtu.dk/services/SignalP/. The prediction of a 
furin cleavage site was predicted on the 
http://www.cbs.dtu.dk/services/SignalP/. A set of specific 
primers was designed to amplify metzincins candidate genes 
from cDNA made from total RNA extraction in S. 
mediterranea.  
 
 
 
4. Identification and isolation of metzincins genes 
in the S. mediterranea genome 
 
 
 Metzincins genes from other organisms were used in tblastn 
searches of S. mediterranea genomic sequences (available at 
http://genome.wustl.edu) and the EST database (Zayas et al., 
2005). The sequences used to query the genome and the EST 
database are for MMPs: Drosophila melanogaster MMP1 
(AF271666) and MMP2 (AJ289232), Strongylocentrotus 
purpuratus, MMP-1 (XM_788901), MMP-14 (AY878928), 
MMP-16 (AY878927); Xenopus leavis MT3-MMP 
(AY310397), MMP-9 (AF072455), MMP-9TH (AB288054) e 
XL BMP-1 (P98070); Mus musculus, MMP2 (BC070430), 
MMP3 (BC006725), MMP7 (120655), MMP8 (BC042742), 
MMP9 (BC046991), MMP10 (BC130027), MMP11 
(BC052854), MMP12 (AK090051), MMP13 (AY622973), 
MMP14 (BC076638), MMP15 (BC047278), MMP16 
(BC057926), MMP17 (AK079221), MMP19 (AF155221), 
MMP20 (BC152336), MMP21 (BC106861), MMP23 
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(BC107358), MMP24 (AB021226), MMP25 (AK089533), 
MMP27 (NM_001030289), MMP18 (AY065653); Homo 
sapiens, MMP1 (BT006874), MMP2 (CR609745), MMP3 
(J03209), MMP7 (BC003635), MMP8 (NM_002424), MMP9 
(NM_004994), MMP10 (BT007442), MMP11 (BC057788), 
MMP12 (NM_002426), MMP13 (AY256444), MMP14 
(NM_004995), MMP15 (BT006715), MMP16 (NM_005941), 
MMP17 (BC045610), MMP19 (BC050368), MMP20 
(NM_004771), MMP21 (AF520613), MMP23B (AB010961), 
MMP24 (BC047614), MMP25 (AJ239053), MMP26 
(AF230354), MMP27 (AY358752), MMP28 (AF315683); A. 
astacus astacin (X95684); Strongylocentrotus purpuratus SpAN 
(S82534). 
For astacins we use Hydra vulgaris HMP 1 (U22380) e HMP2 
(AF101400200); Paracentrotus lividus Bp10 (X65721); 
Podocoryne carnea PMP 1 (AJ005052) Mus musculus meprin 1 
beta (NM_008586); Homo sapiens meprin 1 beta 
(NM_005925): astacina di Astacus astacus (X95684); SpAN di 
Strongylocentrotus purpuratus (S82534); HMP1 (U22380) e 
HMP2 (AF140020) di  Hydra vulgaris; Bp10 di Paracentrotus 
lividus (X65721); PMP1 di Podocoryne carnea (AJ005052); 
Tolloid  di Drosophila melanogaster (U04239); alveolina di 
Oryzias latipes (AB030957); LCE  (D83949) e HCE (D83950) 
di Oryzias latipes; meprina 1 β di Mus musculus (NM_008586); 
meprina β di Homo sapiens (NM_005925); MM Meprin A 
(P28825), MM Meprin B (Q61847), “oocyte astacin” di Mus 
musculus (AJ537599), “oocyte astacin” di Homo sapiens 
(AJ537600). For the ADAM we use the catalytic and disintegrin 
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domains of  Homo sapiens ADAM12 (AF023476), ADAM22 
(AB009671), ADAM29 (AF171929), ADAM28: 
(NM_021778), ADAMDEC1 (NM_014479), ADAM33 
(NM_025220), ADAM9 U41766, ADAM15 (NM_003815), 
ADAM8 (D26579), ADAM11 (NM_002390), ADAM30 
(NM_021794), ADAM2 (NM_001464), ADAM7 
(NM_003817), ADAM18 (NM_014237), ADAM20 
(AF029899), ADAM23 (NM_003812), ADAM19 
(NM_033274), ADAM17 (U69611), ADAM10 (NM_001110), 
ADAM32 (NM_145004) .  
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5. In situ Hybridization and 
Immunohistochemistry 
 
 
Whole mount in situ hybridization was performed in intact and 
regenerating animals according to (Umesono et al. 1997), with 
minor modifications (Nogi and Levin, 2005). After bleaching 
and rehydration the animals were incubated in Proteinase K (20 
µg/ml) for 8 min and 6 min at 37 °C in S. mediterranea and D. 
japonica, respectively. Hybridizations were carried out at 55 °C.  
For regeneration experiments, animals were amputated pre-
pharyngeally and postpharyngeally and the resulting head, trunk 
and tail regenerating pieces were fixed at 1 and 3 days of 
regeneration. Digoxigenin-labelled riboprobes were synthesized 
using RNA in vitro transcription kit (Roche). The primers used 
to amplify the clones are showu in Table I. The riboprobes used 
in this study  were as follows: the clone sequence of smed-
mmp1 and dj-mmp1 (6 to 566 bp) using; smed-mmp2 and dj-
mmp2 (605 to 1136 bp); smed-mt-mmp and dj-mt-mmp (1067 to 
1734 bp); smedinmmp (1 to 465 bp); smed-ast-1 and dj-ast1 (75 
to 591 bp); smed-ast-2 and dj-ast2 (6 to 539 bp); smed-Ast-3 (26 
to 523 bp); smed-ast-4 and dj-ast4(61 to 559 bp); smed-ast-5 
and dj-ast5 (158 to 622 bp); smed-ast-6 (18 to 715 bp); smed-
ast-7 (120 to 703 bp);  Dj-mcm2 (168 to 761) (Salvetti et al., 
2000); Dj-nos (85 to 585 bp) (Sato et al., 2006); DjPiwi-1 (1911 
to 2379 bp) (Rossi et al., 2006). See the detailed protocol in 
Table IV. In situ hybridization on paraffin-embedded sections (6 
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µm thickness) was performed as described by Kobayashi and 
co-workers (Kobayashi et al., 1998). To prepare sections S. 
mediterranea animals were fixed in 4% paraformaldehyde. The 
sections were then stained immunohistochemically with 
DjPCNA primary antibody (1:800) (Ito et al., 2001; Orii et al., 
2005). After washing, goat anti-rabbit conjugated to Alexa 488 
(Molecular Probes) was used as a secondary antibody, diluted 
1:1000. Table V for details.  
Whole mount immunostainig was performed in intact and 
regenerating animals according to Sánchez Alvarado  (Robb and 
Sánchez Alvarado, 2002). Anti-H3P from Upstate 1:500, Anti-
3C11 1:50  from Hybridoma Bank (University of Iowa) and 
Anti-VC1 from Ori's lab 1:2000 were used as primary 
antibodies. After several washes the specimens were incubated 
overnight in the appropriate secondary antibodies using the 
following diluitions: 1:1000 Alexa 488 anti-rabbit (Molecular 
Probes); 1:1000 Alexa 488 anti-mouse (Molecular Probes); 
1:1000 CY3 anti-rabbit (Sigma Aldrich). After incubation, the 
specimens were washed and mounted in Vectashield (Vector 
Laboratories, Burlingame, CA). See the detailed protocol in 
Table I.  
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6. Real-time RT-PCR 
 
 
To assess gene expression relative quantification was used. 
Real time RT-PCR was performed at least three times with 
independent RNA samples. Specific sense and antisense 
oligonucleotides (Tables II and III) were generated using 
LaunchNetPrimer software. SYBR Green chemistry-based RT-
PCR was carried out on a Rotor-Gene 6000 Real time-PCR 
(Corbett Research). After an initial denaturation step (5 min at 
95°C), 45 cycles of amplification were performed as follows: 
denaturation: 95°C, 15s, annealing: 60°C, 20s, extension: 72°C, 
40s. Melt analysis was performed at the end of the run using the 
Rotor-Gene Software. Elongation factor-2 (EF2) and 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
housekeeping genes were used as reference genes to compare 
gene expression. 
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Table I: Primers used for sequence amplification in S. 
mediterranea 
 
 
 
 
 
Table II: Primers used for real time RT-PCR in S. 
mediterranea 
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Table III: Primers used for sequence amplification and 
real time RT-PCR in D. japonica 
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7. RNA interference 
 
 
Double-stranded RNA (dsRNA) was synthesized according to 
Sánchez Alvarado and Newmark (Sánchez Alvarado and 
Newmark, 1999). See detailed protocol in Table VI. The 
injection schedule was adapted for each gene. All amputated 
fragments were analyzed during the second round of 
regeneration. Intact animals were analyzed after 3-5 days from 
the first injection for smed-mmp1 and 15 days for smed-mt-
mmp. The reduction of the endogenous transcripts after RNAi 
was assessed by real time RT-PCR. The animals were 
photographed in vivo at the same magnification. 
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8. Heidenhain’s azan stain for cyanophilic 
secretory cells 
 
 
      A staining solution of 0,5% (w/v) Anilin Blue, 2g (w/v) 
Orange G, 8% (v/v) Glacial acetic acid was prepared in dH2O. 
After in situ hybridization the sections were leaved for 20 
minutes in the staining solution and then washed several times 
in dH2O (Pedersen, 1963, 1959, 1961). The slides were then 
mounted in 1:1 PBS/Glicerol. 
 
 
 
 
9. GIEMSA stain 
 
 
A stock solution of GIEMSA was prepared dissolving 1g of 
GIEMSA in 60ml of Glycerol at 60°C for 2 hours. After this time 
60 ml of MetOH 100% were added and the solution was filtrated. 
To prepare the working solution 5 ml of stock solution were 
added to 95ml of phosphate buffer (NaH2PO4 0,01M and 
Na2HPO4 0,01M), pH 7. Paraffin-embedded sections (6 µm) were 
prepared as described for in situ hybridization. See Table VII for 
detailed protocol.  
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Table IV : Whole mount in situ hybridization protocol. 
 
 
SOLUTIONS T°C TIME 
2% HCl/ 5/8 Holtfreter 1 4°C 5 min 
Carnoy 2 4°C 120 min 
MetOH -20°C 60 min 
5% H2O2/MetOH RT 18 hr 
70% EtOH/ 5/8 Holtfreter 4°C 30 min 
50% EtOH/ 5/8 Holtfreter 4°C 30 min 
30% EtOH/ 5/8 Holtfreter 4°C 30 min 
TPBS 3 4°C 30 min 
20mg/ml proteinase K/TPBS 37°C 6 min 
5/8 Holtfreter 4°C 1 min 
4% Formalin/5/8 Holtfreter 4°C 60 min 
5/8 Holtfreter 4°C 1 min 
5/8 Holtfreter 4°C 60 min 
0.1 M Triethanolamine, pH 
7.6 
RT 15 min 
0.1 M Triethanolamine, pH 
7.6 
RT 15 min 
0.25% acetic anhydride/0.1 
M Triethanolamine, pH 7.6 
RT 15 min 
0.5% acetic anhydride/0.1 M 
Triethanolamine, pH 7.6 
RT 15 min 
Pre-Hybridization 4 55°C 60 min 
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Hybridization 5 55°C 60-65 hr 
50%Formamide/5X 
SSC/Tween20 
55°C 5 min 
50%Formamide/5X 
SSC/Tween20 
55°C 60 min 
50%Formamide/5X 
SSC/Tween20 
55°C 60 min 
50% Formamide/5X 
SSC/Tween20 
55°C 60 min 
Buffer I 6 RT 5 min 
Buffer I RT 30 min 
10% Blocking solution/5% 
Lamb serum/Buffer I (Buffer 
II) 
RT 30 min 
1:2000 antiDIG/Buffer II RT 120 min 
Buffer I RT 5 min 
Buffer I RT 30 min 
Buffer I RT 30 min 
Buffer I RT O/N 
AP Buffer 7 4°C 5 min 
BCIP (175mg/ml)/NBT 
(337.5mg/ml)/10% polyvinyl 
alcohol/AP Buffer 
15°C 7-13 hr 
TE RT 10 min 
50% glycerol/10% 
MetOH/TE 
-20°C storage 
1. NaCl 2.188 g, KCl 0.031 g, CaCl2 0.063 g, NaHCO3 
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0.125 g / 1000ml 
2. 60% EtOH, 30% CHCl3, 10% CH3COOH 
3. 0.1 % Triton-X100, KCl 0.2 g, NaCl 8 g, KH2PO4 0.2 g, 
Na2HCO3 X 2H2O 1.44 g / 100ml 
4. 50% formamide, 5X SSC, 0.1 mg/mt tRNA, 0.1 mg/ml 
Heparin, 0.1 tween-20, 10mM DTT 
5. point 4 + 10% Dextran Sulfate, 100 ng/ml RNA probe 
6. 0.1% TritonX-100, Maleic acid 11.6 g, NaCl 9.76 g, 
2NaOH 95ml / 1000ml 
7. 100mM Tris pH 9.5, 150mM NaCl, 25mM MgCl 
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Table V. In situ hybridization and immunostaining on 
paraffin section protocol. 
 
 
SOLUTIONS T°C TIME 
2% HCl/ 5/8 Holtfreter 1 4°C 5 min 
Relaxant solution 2 4°C 120 min 
EtOH/ 5/8 Holtfreter (30%, 
50%, 70%, 80%, 90%) 
4°C 30 min 
100% EtOH 4°C 30 min 
2ml 100% EtOH 4°C 5 min 
add 0.5ml Xylol 4°C 15 min 
add 0.5ml Xylol 4°C 15 min 
add 1ml Xylol 4°C 15 min 
add 3ml Xylol 4°C 15 min 
100% Xylol 4°C 15 min 
100% Xylol (pre-warmed) 60°C 15 min 
50% Xylol + 50% paraffin 
(pre-warmed) 
60°C 20 min 
paraffin (pre-warmed) 60°C 20 min 
paraffin (pre-warmed) 60°C O/N 
paraffin inclusion of samples 
cut of sections (6 mm) 
2 times 100% Xylol RT 15 min 
100% EtOH 4°C 5 min 
EtOH/ 5/8 Holtfreter 
(90%,80%, 70%, 50%, 30%) 
4°C 30 min 
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See (whole mount in situ hybridization protocol (Table I) 
BCIP (175mg/ml)/NBT 
(337.5mg/ml) 
15°C 13-24  hr 
TE RT 10 min 
PBS 1X RT 10 min 
Blocking solution: 10% lamb 
serum / TPBS (PBS + 0.1% 
TritonX-100) 
RT 30 min 
Primary antibody / Blocking 
solution 
4°C O/N 
3 times TPBS RT 15 min 
Secondary antibody / 
Blocking solution 
4°C O/N 
3 times TPBS RT 15 min 
PBS 1X RT 5 min 
1mg/ml Hoechst 33342/PBS 
1X 
RT 5 min 
2 times PBS 1X RT 5 min 
Slides covering 
1. NaCl 2.188 g, KCl 0.031 g, CaCl2 0.063 g, NaHCO3 
0.125 g / 1000ml 
2. 1% HNO3, 1.6% formaldehyde, 20mM MgSO4 / Holt 
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Table VI: Double-Strand RNA preparation 
 
 
RNA Synthesis 
1. Assemble two transcription reactions, one with T7 
polymerase and another with SP6 polymerase, in separate 
tubes. To each tube, add the following: 
 
Plasmid DNA pre-digested      1 µg 
DTT                                       10 mM 
10X rNTPs                               2 µl 
10X transcription buffer          2 µl 
RNasin                                   60 units 
T7 or SP6 plymerase             17 units 
H2O, nuclease-free            to 20 µl 
Incubate the reactions for 2 h at 37°C 
2. DNase treatment 
Treat each reaction with DNase by adding 1 units to each 
tube 
Incubate the reactions for 15 min at 37°C 
3. Transfer 1µl from each reaction to fresh tubes. Keep the 
tubes at -20°C 
4. Combine the remaining 19µl of each reaction into one 
tube 
5. Add 380ml of Stop Buffer1 and 0.3 µl of glycogen 
(20mg/ml) 
1. 1M NH4OAc, 10mM EDTA, 0.2% SDS 
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6. Add 200 µl of phenol:chloroform mix, spin 5 min at 
12000 rpm 
7. Transfer the aqueous phase to a fresh tube 
8. Add 200µl of chloroform, and spin 5 min at 12000RPM 
9. Transfer the aqueous phase to a fresh tube 
10. Incubate for 10 min at 68°C to denature the RNA 
11. Incubate for 30 min at 37°C to reanneal the RNA 
11. Add 1ml of cold 100% EtOH 
12. Centrifuge at 12800 rpm for 15 min at 4°C 
13. Discard the supernatant 
14. Add 1ml of cold 80% EtOH 
15. Centrifuge at 12800 rpm for 10 min at 4°C 
16. Discard the supernatant 
17. Resuspend the pellet in 10µl of nuclease-free H2O. 
Keep the sample on ice 
18. Confirm single-stranded RNA (ssRNA) transcription 
and dsRNA formation by separating 1µl of each ssRNA 
sample from step 3 and 0.5µl of dsRNA from step 17 on a 
1% agarose gel under nondenaturating conditions (Fig. 28). 
 
Figure 28: Electrophoretic 
migration patterns of ssRNA 
and dsRNA in agarose gel. 
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Table VII: GIEMSA protocol 
 
 
SOLUTIONS T°C TIME 
2 times 100% Xylol RT 15 min 
100% EtOH 4°C 5 min 
EtOH/ 5/8 Holtfreter 
(90%,80%, 70%, 50%, 30%) 
4°C 5 min  
dH2O RT 5 min 
GIEMSA working solution RT 15 min 
Several times dH2O RT  
Slide covering 
 
                                                                    Materials and Methods 
123  
 
10. Tunel assay on cryosections 
 
 
Animals were killed in 2%HCl/holtfreter5/8 and then fixed in 
4% paraformaldeyde/holtfreter5/8 for 2 hours. After this step, 
worms were cytoprotected O/N with 20% sucrose and included 
in Tissue-Tek® O.C.T.™ compound. Cryosections (16µm) 
were prepared using a Leica CM1850 cryostat. After 2 hours at 
room temperature the sections were stored at -70°C. Apoptosis 
was quantified by terminal deoxynucleotidyl trasferase (TdT) 
detection kit (ApopTag® Red In situ Apoptosis Detection Kit 
Cat. S7165). See detailed protocol in Table VIII. 
 
 
Table VIII: Tunel assay on cryosection protocol 
 
SOLUTIONS T°C TIME 
2% HCl/ 5/8 Holtfreter 1 4°C 5 min 
4% paraformaldeyde/ 5/8 
Holtfreter 1 
RT 120 min 
20% sucrose 4°C O/N 
Tissue-Tek® O.C.T.™ inclusion of samples 
cut of sections (16 mm) 
3 times PBS1X RT 5 min 
TPBS* RT 3 min 
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ProtK 2mg/ml 1:100 in Tris 
HCl pH8 10mM 
RT 15 min 
PBS1X RT 5 min 
3%H2O2 in PBS1x RT 5 min 
2 times PBS1X RT 5 min 
Equilibration Buffer RT 10 min 
Working Strenght TdT 
Enzyme 
37°C 60 min 
Stop Wash Buffer RT 10 min 
3 times PBS1X RT 5 min 
Blocking RT 20 min 
Anti-DIG-Rhodamin in 
Blocking Solution 
RT 30 min 
3 timesPBS1X RT 5 min 
1:1000 Hoechst in PBS1X RT 2 min 
3 times PBS1X RT 5 min 
Slides covering 
1. NaCl 2.188 g, KCl 0.031 g, CaCl2 0.063 g, NaHCO3 
0.125 g / 1000ml 
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11. Transmission electron microscopy 
 
 
RNAi animals at the second round of regeneration were fixed 
using the protocol shows in Table IX. Ultrathin section were 
observed using a  TEM JEOL 1010 (30KVolts) and the pictures 
captured with a mega view camera using a soft analysis system.  
 
Table IX: Electron microscopy protocol 
 
 
SOLUTIONS T°C TIM
E 
Glutaraldheyde 
3% 
2h 4°C 
Cacodilat buffer 
0,1M 
1h 4°C 
Cacodilat buffer 
0,1M 
O/N 4°C 
Osmification in 
Osmic acid 1% 
2h 4°C 
Cacodilat buffer 
0,1M 
10 minx4 4°C 
EtOH 50% 10 minx1 4°C 
EtOH 70% 10 minx2 4°C 
EtOH 90% 10 minx3 4°C 
EtOH 96% 10 minx3 4°C 
EtOH 100% 10 minx3 4°C 
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 Incubate with the 
resin: 1V 
SPURR+3V EtOH 
100% 
1h RT 
Incubate with the 
resin: 2V 
SPURR+2V EtOH 
100% 
1h RT 
Incubate with the 
resin: 3V 
SPURR+1V EtOH 
100% 
1h RT 
Incubate with the 
resin: 1V SPURR 
1h RT 
Incubate with the 
resin: 1V SPURR 
O/N RT 
Incubate with the 
resin: 1V SPURR 
2h RT 
Incubate with the 
resin: 1V SPURR 
2h RT 
Elaborarion of 
blocks in Epon12 
  
Polimerization 48h 60°C 
Semifin cut  at 
0,5µm 
  
Ultrafin cut  at 
60nm 
  
  
  
 
 
 
 
 
 
 
 
 
 
Results 
  
 
 
 
 
 
 
 
  
* This part of the project was performed in collaboration with Dr. JF Abril, Deparment of 
Biology University of Barcelona.  
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Results 
1. Identification of Metzincin gene family in S. 
mediterranea 
 
Taking advantage of the genome sequence information 
(http://planaria.neuro.utah.edu/tools/tools.php) and cDNA 
sequences available for the planarian Schmidtea mediterranea, I 
have carried out a genomic survey of metzincin metalloprotease 
gene families in planarians using protease domains of 
metalloprotease genes of other organisms. I filtered out, and 
selected for redundancy, sequences coding for members of three 
different classes of metzincins: MMPs, astacins and ADAMs. A 
total of 4 MMP-, 11 ADAM- and 8 Astacin-like genes have been 
identified *. 
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2. Astacins 
 
 
I have identified 8 genomic contigs (v31.007808, v31.005196, 
v31.005196, v31.007963, v31023114, v31.000294, v31.001945, 
v31.001431) coding for different putative planarian astacins. 
These sequences were named smed-ast-1, smed-ast-2, smed-ast-
3, smed-ast-4, smed-ast-5, smed-ast-6, smed-ast-7 and 
smedolloid-1. I used BLAST to search the corresponding EST in 
the SmedEST database in order to obtain the complete sequence. 
Six Smed-ESTs corresponding to the predicted Astacins (smed-
ast-1 AY068372, smed-ast-2 AY068368, smed-ast-3, smed-ast-4 
AY068371, smed-ast-5 AY068369, smed-ast-6 AY065685, 
smed-ast-7 AY067030 and smedolloid-1 AY067566) have been 
identified. No EST corresponding to smed-Ast3 was found. Using 
specific primers, all astacin genes were amplified both in the 
genomic DNA and cDNA. The sequence codifing for smedolloid-
1 corresponds to the published and also in situ hybridization 
experiments confirm the results (not shown) (Reddien et al., 
2007). The cDNA sequences coding for ast-1, ast-2, ast-4 and 
ast-5 appeared to be highly conserved in the related planarian 
species Dugesia japonica. Using primers designed for S. 
mediterranea I succeeded to amplify the counterparts in this 
species. The D. japonica genes corresponding to smed-ast-1, 
smed-ast-2, smed-ast-4, smed-ast-5 were named dj-ast-1, dj-ast-
2, dj-ast-4, dj-ast-5, respectively. 
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2.1 Genomic organization of the astacin genes in S. 
mediterranea 
 
 
To establish the intron-exon organization I aligned the cDNA 
sequence of each astacin gene with the corresponding genomic 
contig using BioEdit. 
This kind of analysis reveals that smed-ast-1 and smed-ast-2 
are organized in four exons and three introns of similar length. 
smed-ast-3, smed-ast-4 and smed-ast-6 again show a comparable 
genomic organization, as they posses five exons and four introns. 
A different genomic organization was observed for smed-ast-5 
and smed-ast-7 that are composed by six exons and five introns, 
seven exons and six introns, respectively. Intron 3 of smed-ast-5 
and intron 1 of smed-ast-7 are very large (1370 and 1232 bp, 
respectively)(Fig.30). 
 
Figure 30: Comparison of genomic organization of smed-ast-1, smed-ast-2, 
smed-ast-3, smed-ast-4, smed-ast-5, smed-ast-6, smed-ast-7. Orange boxes 
indicate exons, grey lines indicate introns and green boxes indicate 3’ UTR. 
The diagram is to scale. Kb: kilo base pairs. 
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I observed that all astacin-like genes possess canonical donor 
and acceptor sites (GT/AG), with the exception of smed-ast-5 that 
has non-canonical donor sites flanking the intron 2, 4 and 6 
(Table X). 
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Table X: Exon/intron organization of the planarian astacin genes. A) 
smed-ast-1; B) smed-ast-2; C) smed-ast-3; D) smed-ast-4; E) smed-ast-5; 
F) smed-ast-6; G) smed-ast-7. The sequence of each exon (uppercase) at 
the boundary of the introns (lowercase) is shown. The start and stop 
codons are in bold.  
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2.2 Structural analysis of the predicted planarian 
astacins 
 
 
With the exception of smed-ast-7, the identified genes (smed-
ast-1, smed-ast-2, smed-ast-3, smed-ast-4 and smed-ast-5) encode 
planarian astacins showing a minimal structure, characterized 
only by a signal peptide and a catalytic domain. Using SignalP 
3.0 to analyse the hydrophilicity profile, I identified in all astacins 
a hydrophobic region of different length (18 to 22 residues), 
located at the NH2-terminus. As found in most members of the 
astacin metalloproteinase family (Jiang and Bond, 1992), this 
region probably represents a possible cleavable transient signal 
peptide (Von Heijne, 1983). The structure of planarian astacins is 
briefly described below. 
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smed-ast-1 is 249 amino acids in length. The signal peptide 
presents a cleavage site between G19 and Q20 and is followed by a 
putative catalytic domain of 143 amino acids (60 to 203), that 
contains in position 149-159 the conserved motif 
HEXXHXXGXXH, required for the catalytic activity (Fig. 31). 
 
 
 
 
Figure 31: Nucleotidic and amino acidic sequences of smed-ast-1. A) 
Nucleotidic sequence. The start codon and stop codon are in bold. B) 
Prediction of the signal peptide by SignalP 3.0 C) Deduced amino acid 
sequence. Numbers on the right indicate amino acids. The signal peptide is 
underlined. The active Zn-binding motif HEXXHXXGXXH in the catalytic 
domain (green region) is in bold.  
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smed-ast-2 is 251 amino acids in length. The signal peptide 
presents a cleavage site between G19 and Q20 and is followed by a 
putative catalytic domain of 143 amino acids (60 to 203) that 
contains in position 149-159 the conserved motif 
HEXXHXXGXXH (Fig. 32)  
 
 
 
Figure 32: Nucleotidic and amino acidic sequence of smed-ast-2. A) 
Nucleotidic sequence. The start codon and stop codon are in bold. B) 
Prediction of signal peptide by SignalP 3.0 C) Deduced amino acid sequence. 
Numbers on the right indicate amino acids. The signal peptide is underlined. 
The active Zn-binding motif (HEXXHXXGXXH) in the catalytic domain 
(green region) is in bold.  
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smed-ast-3 is 252 amino acids in length. The signal peptide 
presents a cleavage site between Q23 and C24 and is followed by a 
putative catalytic domain of 140 amino acids (63 to 203) that 
contains in position 153-163 the conserved motif 
HEXXHXXGXXH (Fig. 33). 
 
 
 
Figure 33: Nucleotidic and predicted amino acidic sequences of smed-ast-
3. A) Nucleotidic sequence. The start codon and stop codon are in bold. B) 
Prediction of signal peptide by SignalP 3.0 C) Deduced amino acid sequence. 
Numbers on the right indicate amino acids. The signal peptide is underlined. 
The active Zn-binding motif (HEXXHXXGXXH) in the catalytic domain 
(green region) is in bold.  
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smed-ast-4 is 241 amino acids in length. The signal peptide 
presents a cleavage site between Q22 and C23 and is followed by a 
putative catalytic domain of 138 amino acids (57 to 195) that 
contains the conserved motif HEXXHXXGXXH in position 144-
154 (Fig. 34). 
 
 
Figure 34: Nucleotidic and amino acidic sequences of smed-ast-4. A) 
Nucleotidic sequence. The start codon and stop codon are in bold. B) 
Prediction of signal peptide by SignalP 3.0 C) Deduced amino acid sequence. 
Numbers on the right indicate amino acids. The signal peptide is underlined. 
The active Zn-binding motif (HEXXHXXGXXH) in the catalytic domain 
(green region) is in bold.  
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smed-ast-5 is 252 amino acids in length. The signal peptide 
presents a cleavage site between A22 and G23 and is followed by a 
putative catalytic domain of 140 amino acids (63 to 203) that 
contains the conserved motif HEXXHXXGXXH in position 153-
163 (Fig. 35). 
 
	  
Figure 35: Nucleotidic and amino acidic sequence of smed-ast-5. 
A) Nucleotidic sequence. The start codon and stop codon are in bold. 
B) Prediction of signal peptide by SignalP 3.0 C) Deduced amino acid 
sequence. Numbers on the right indicate amino acids. The signal 
peptide is underlined. The active Zn-binding motif 
(HEXXHXXGXXH) in the catalytic domain (green region) is in bold.  
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smed-ast-6 is 247 amino acids in length. The signal peptide 
presents a cleavage site between Q20 and C21 and is followed by a 
putative catalytic domain of 141 amino acids (61 to 202) that 
contains in position 150-160 the conserved motif 
HEXXHXXGXXH (Fig. 36). 
 
 
 
Figure 36: Nucleotidic and amino acidic sequence of smed-ast-6. A) 
Nucleotidic sequence.. The start codon and stop codon are in bold. B) 
Prediction of signal peptide by SignalP 3.0 C) Deduced amino acid 
sequence.. Numbers on the right indicate amino acids. The signal 
peptide is underlined. The active Zn-binding motif (HEXXHXXGXXH) 
in the catalytic domain (green region) is in bold.  
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smed-ast-7 encodes a putative  astacin of 252 amino acids 
characterized by a signal peptide, a catalytic domain and an ShK 
toxin domain (Fig. 37). The signal peptide presents a cleavage 
site between K19 and E20 and is followed by a putative catalytic 
domain of 144 amino acids (46 to 190) containing in position 
135-145 the conserved motif HEXXHXXGXXH. In addition, 
SMED-AST-7 contains at the C-terminus (279 to 318) a motif 
found in sea anemone toxins: the first cysteine is bridged to the 
sixth, the second to the fifth and the third to the fourth. This 
results in a structure that is clearly distinguishable from the EGF-
fold (named CXC), where the fourth cysteine is bonded to the 
second and the fifth to the sixth (Cooke et al., 1987). 
Interestingly, the SMED-AST-7 Tox domain was similar to the 
Tox1 domain of the jellyfish Podocoryne carnea PMP1 (Pan et 
al., 1998) and with a class of potassium channel toxins found in 
other cnidarians, such as Bunodosoma granulifera (Dauplais et 
al., 1997; Cotton et al., 1997), Stichodactyla helianthus (Tudor et 
al., 1996), Heteractis magnifica (Gendeh et al., 1997). The last 
eight residues with three cysteines are the most conserved region 
within the toxins including the Tox domain of SMED-AST-7. 
The C-terminal domain CXXXCXXC with X allowing for many 
amino acids, except cysteine, could be the hallmark of this 
protein fold. 
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Figure 37: Nucleotidic and amino acidic sequence of smed-ast-7.  A) 
Nucleotidic sequence. The start codon and stop codon are in bold. B) 
Prediction of signal peptide by SignalP 3.0 C) Deduced amino acid 
sequence. Numbers on the right indicate amino acids. The signal peptide 
is underlined. The active Zn-binding motif (HEXXHXXGXXH) in the 
catalytic domain is in bold (green region). Red region indicates the Tox 
domain. D) Multiple alignment of smed-ast-7 ShK toxin domain (Tox) 
with the Tox1 domain of different cnidarian species: P. carnea (PMP1), 
S. helianthus (ShK-Toxin), H. magnifica (HmK-Toxin) and B. 
granulifera (BgK-Toxin). The conserved cysteines are highlighted in 
green. 
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2.3 Sequence comparison between S. mediterranea 
and D. japonica astacins 
 
 
Making use of D. japonica ESTs collections and using specific 
primers designed on the S. mediterranea genome I isolated the 
orthologs of smed-ast-1, smed-ast-2, smed-ast-4, smed-ast-5 and 
smed-ast-6 in D. japonica cDNA. The aminoacidic alignment 
between S. mediterranea and D. japonica in the region where the 
in situ hybridization probe was designed shows that these astacins 
are almost identical in the two species (not shown). On the 
contrary, I was unable to amplify the D. japonica counterparts of 
smed-ast-3 and smed-ast-7, suggesting that the sequence were not 
conserved between the two species. 
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2.4 Expression analysis of astacin genes 
 
 
 
The spatial expression of planarian astacin genes was 
characterized by in situ hybridization on whole animals and on 
sections both in D. japonica and S. mediterranea. All transcripts 
were found specifically expressed in cells localized in the central 
region of the parenchyma and distributed as a double ring-shaped 
pattern around the pharynx, although the astacin transcripts are 
found in large cyanophilic cells, the distribution of these cells 
differed for each gene, suggesting that different subsets of 
secretory cells express different astacins. 
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2.4.1 astacin-1  
 
 
 
Both smed-ast-1 and dj-ast-1 transcripts present a 
subepidermal distribution and appear preferentially localized on 
the dorsal body region at the pre- and post-pharynx level (Fig. 
36). During regeneration smed-ast-1 and dj-ast-1 expression 
pattern did not change, although a reduced level of transcripts 
could be detected in regenerating fragments 3 days after 
amputation. These results did not change when planarians were 
cut at different antero-posterior levels (Fig. 38). 
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Figure 38: Expression pattern of planarian ast-1 in intact and regenerating 
planarians. A-G) Whole mount in situ hybridization of dj-ast-1 in D. japonica. 
A) Expression pattern in intact planaria. B-D) Regenerating fragments, 1 day 
after amputation. E-G) Regenerating fragments, 3 day after amputation. Head 
fragments were obtained by pre-pharyngeal amputation; trunk fragments were 
obtained by pre- and post-pharyngeal amputation; tail fragments were obtained 
by pre-pharyngeal amputation. Anterior is on the top. H-J) Transversal wax 
sections of a S. mediterranea specimen hybridized with smed-ast-1. H) A 
section at the pharynx level. I) A section at the pre-pharynx level. J) 
Magnification of a group of sub-epidermal cells of section I. Dorsal is on the 
top. Scale bars: 2mm in A-G; 1mm in H and I; 200µm in J. 
  148 
Results 
 
2.4.2 astacin 2 
 
 
The expression pattern of the planarian ast-2 appears very 
similar to that of ast-1, i.e. a double ring-shaped parenchymal 
signal. No significant differences were observed between the 
distribution of ast-2 transcripts in D. japonica and S. 
mediterranea (not shown). Unlike ast-1, ast-2 expression was 
found in secretory cells that were uniformly distributed around 
the pharynx (Fig. 38). This pattern remained unchanged during 
regeneration, even if a remarkable reduction of the hybridization 
signal could be detected after 3 days of regeneration (Fig. 39 for 
dj-ast-2 expression) 
 
Figure 39: Expression pattern of dj-ast-2 as detected by whole mount 
in situ hybridization A) dj-ast-2 in an intact planarian. (B-E) 
Regenerating fragments. B-C) 1 day of regeneration, B) head, C) trunk, 
(D-E) 3 days of regeneration, D) head, E) trunk. Anterior is on the top. 
Scale bar: 1mm. 
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2.4.3 astacin 3 
 
 
ast-3 expression has been characterized only in S. 
mediterranea (Fig. 40). In D. japonica ast-3 is not expressed or 
otherwise is highly divergent as compared to smed-ast-3. This 
result, which derived from the lack of amplification of the cDNA 
in D. japonica using S. mediterranea primers, has been confirmed 
by in situ hybridization. No hybridization signal could be in fact 
detected in D. japonica specimens using smed-ast-3 as a probe 
(Fig 40). In S. mediterranea, expression of smed-ast-3 showed 
the double ring-shaped distribution that typifies other members of 
this family (Fig 40). In situ hybridization on transversal wax 
sections revealed that the smed-ast-3 was preferentially expressed 
in large single cells showing a subepidermal distribution (Fig. 
40). 
 
  150 
Results 
 
Figure 40: Expression pattern of smed-ast-3 in intact planarians, as 
visualized by whole mount in situ hybridization. A-B) smed-ast-3 
hybridization signal is localized in parenchymal secretory cells organized as 
a double ring around the pharynx. A) Dorsal view. B) Lateral view. C) 
Enlargement of smed-ast-3 expressing cells. D) Whole mount in situ 
hybridization in a D. japonica specimen, using smed-ast-3 as a probe. Scale 
bar: 1mm in A and B; 100 µm in C; 2mm in D. 
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2.4.4 astacin 4 
 
 Both smed-ast-4 and dj-ast-4 are expressed as a double ring-
shaped parenchymal signal, preferentially detected at the pre-
pharynx level and around the pharynx, but only a weak 
expression was observed posterior to the pharynx (Fig 41). 
Finally, ast-4 expression level is down regulated at 3 days of 
regeneration (Fig. 41) 
Figure 41: Expression pattern of dj-ast-4 and smed-ast-4 in intact and 
regenerating planarians. (A-E) Whole mount in situ hybridization. A) An 
intact D. japonica. (B-C) 1 day of regeneration. B) Head. C) Trunk. (D-E) 3 
days of regeneration. D) Head, E) Trunk. Anterior is on the top. (F-G) In 
situ hybridization on S. mediterranea wax cross sections using smed-ast-4 
as a probe. F) Pre-pharynx level. G) Pharynx level. Dorsal is on the top. 
Scale bars: 2mm in A; 1mm in B-E; and 100µm in F and G. 
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2.4.5 astacin 5 
 
 
Both smed-ast-5 and dj-ast-5 transcripts were found typically 
localized dorsally and ventrally in the parenchyma, forming a 
double sub-epidermal ring of secretory cells around the pharynx. 
These cells were especially abundant ventrally in the lateral 
position (Fig. 42). Also this gene is down regulated at 3 days of 
regeneration (Fig. 42). 
 
Figure 42: Expression pattern of dj-ast-5 and smed-ast-5 in intact 
and regenerating planarians. A-E) Whole mount in situ hybridization 
A) dj-ast-5 in an intact D. japonica. B-E) regenerating fragments. B-C) 
1 day of regeneration. B) Head. C) Trunk. (D-E) 3 days of regeneration. 
D) Head, E) Trunk. Anterior is on the top. F) In situ hybridization on a 
wax cross-section of S. mediterranea at the pharynx level using smed-
ast-5 as a probe. Dorsal is on the top. Scale bars: 2mm in A; 1mm B-E 
and 100µm in F. 
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2.4.6 astacin 6 
 
 
Similarly to that observed for the other planarian astacin 
genes, smed-ast-6 transcripts show the characteristic 
parenchymal distribution as a double ring around the 
pharynx (Fig. 43).  
 
 
 
 
Figure 43: Expression pattern of smed-ast-6 and dj-ast-6 in intact 
planarians. (A-C) Whole mount in situ hybridization. A) Dorsal view of an 
intact S. mediterranea, hybridized with smed-ast-6. B) Dorsal view of an 
intact D. japonica hybridized with smed-ast-6. C) Lateral view of 
S.mediterrnea hybridized with smed-ast-6 probe. Dorsal is on the top. Scale 
bar: 1mm.  
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2.4.7 astacin 7 
 
 
Whole mount in situ hybridizations in intact S. mediterranea 
planarians show that smed-ast-7 transcripts are restricted to the 
gastrodermis region (Fig. 44). Additional in situ hybridization 
experiments, directly performed on transverse wax sections, 
demonstrate that smed-ast-7 primarily labels the secretory cells 
intercalated to the gastrodermis epithelium. These cells probably 
As no ast-7 homologs could be amplified in D. japonica cDNA 
using the primers specific for S. mediterranea, I performed whole 
mount in situ hybridization in intact D. japonica using smed-ast-7 
as a probe. The results show a conserved hybridization pattern at 
the gastrodermal level. However the hybridization signal 
appeared weaker with respect to that observed in S. mediterranea, 
suggesting that the two genes share only a limited sequence 
identity  (Fig. 44). 
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Figure 44: Expression pattern of smed-ast-7 in intact planarians. A) Whole 
mount in situ hybridization of smed-ast-7 in an intact S. mediterranea. (B-C) 
In situ hybridization on wax section of S. mediterranea with smed-ast-7. B) 
Transverse section at the pharynx level. C) Enlargement of a smed-ast-7 
positive cell, showing its connection with the intestinal lumen (g). Dorsal is on 
the top. D) Whole mount in situ hybridization of smed-ast-7 in an intact D. 
japonica. Scale bars: 1mm in A; 100µm in B; 20µm in C; 1mm in D. 
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2.4 Preliminary RNAi-based functional data: dj-
ast-4 (RNAi) 
 
 
To assess the function of astacins in planarians I performed a 
preliminary analysis of the phenotypes produced by the 
functional ablation of dj-ast-4 using the RNAi-mediated 
silencing. dj-ast-4 RNAi caused a reduction in size of the injected 
animals that also showed an abnormal tissue consistence and 
altered pigmentation with respect to the water-injected controls 
(data not shown). In addition dj-ast-4 RNAi strongly inhibited 
blastema formation (Fig. 45). Most of the dj-ast-4 RNAi 
fragments completely failed to regenerate a new tail (20/30), or a 
new head (10/30), and the wound region often appeared indented. 
Some animals partially regenerated small abnormal heads. (Fig. 
45). Further analyses are required to understand the role of dj-ast-
4 during regeneration and tissue homeostasis and to explore the 
possibility that the functional ablation of this gene may be 
involved in processes related to ECM biosynthesis and/or ECM 
integrity, for example modulating the accumulation of ECM-
bound growth factors. 
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Figure 45: dj-ast-4 RNAi. A) A water-injected head fragment regenerating a 
tail, 5 days after cutting. B) A dj-ast-4 RNAi head fragment, 5 days after 
cutting. The fragment closed the wound, but did not regenerate .C) A water-
injected tail fragment regenerating a head, 5 days after cutting. D) A dj-ast-4 
RNAi tail fragment, 5 days after cutting. The fragment is regenerating a small 
abnormal head with a cyclopic eye. E) A dj-ast-4 RNAi tail fragment, 5 days 
after cutting. The fragment is regenerating a small eye-less head. Scale bars: 
1mm in A and B; 2mm in C-E. 
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3. A Disintegrin and metalloproteases (ADAMs) 
 
The query of S. mediterranea genome, using others members 
of ADAM family of different metazoans, identified 15 genomic 
contigs (v31.007325, v31.002281, v31.013479, v31.018201, 
v31.000883, v31.004988, v31.017082, v31.006007, v31.011942, 
v31.008938, v31.000822, v31.004725, v31.004969, v31.002575, 
v31.000883) corresponding to predicted planarian ADAMs 
genes. These genes show in fact high similarity with ADAMs 
genes identified in other organisms.  Four of these genes are more 
similar to ADAM-10 of mammals, have been named smed-
adam1, smed-adam2, smed-adam3, smed-adam4, The others 
appear more similar to Drosophila melanogaster kuzbanian, a 
gene involved in the modulation of Notch signaling (Zolkiewska, 
2008). The planarian kuzbanian–like genes were named smed-
kuzbanian1, smed-kuzbanian2, smed-kuzbanian3 and smed-
kuzbanian4. The contigs underlined above codify for eight genes 
that share high identity (80% to 97% at the nucleotidic level). 
This characteristic did not make possible to discriminate between 
the different forms and for this reason these genes are considered 
together as smed-kuzbanian4 (Table: XI).    
The identified sequences have been used to search in the 
planarian EST datasets, and, where it was possible, I extended the 
sequence at both the 5’ and 3’ ends. In addition, using primers 
designed for S. mediterranea, I tried to amplify the ADAM genes 
in the asexual strain of D. japonica, but I didn’t obtain any result, 
suggesting that the sequences are not conserved. 
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ADAM Similarity Genomic contig 
SMED-ADAM1 ADAM12 V31.007325 
SMED-ADAM2 ADAM12/13/19 V31.002281 
SMED-ADAM3 ADAM23/22/11 V31.013479 
SMED-ADAM4 ADAM9 V31.018201 
SMED-KUZBANIAN1 KUZBANIAN/ADAM10 V31.000883 
SMED-KUZBANIAN2 KUZBANIAN/ADAM10 V31.004988 
SMED-KUZBANIAN3 KUZBANIAN/ADAM10 V31.017082 
SMED-KUZBANIAN4 KUZBANIAN/ADAM10 
V31.006007 
V31.000883 
V31.000822, 
V31.002575 
 
Table XI: ADAM gene family in S. mediterranea 
 
 
Using specific primers, I succeeded to amplify these genes 
both in the genomic DNA and cDNA. The PCR results 
demonstrate that not all planarian adam genes are expressed in 
the asexual strain of S. mediterranea (Fig. 46). However, as the 
expression results demonstrated, some of these smed-kuzbanian1 
and smed-kuzbanian2 appeared specifically expressed in the 
ovaries and testes of sexual S. mediterranea (see below). 
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Figure 46:  Expression analysis of S. mediterranea adam genes on 
cDNA C) and genomic DNA (G) of asexual planarian strain. smed-
kuzbanian1, smed-kuzbanian2, smed-adam1, smed-adam4 are not 
expressed.  
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3.1 Genomic organization of planarian adam genes 
 
 
In order to define the intron-exon organization of the planarian 
adam genes, I aligned, using BioEdit, the cDNA sequence of 
each gene with the corresponding genomic contig. As the 
sequences are not full length in all genes, the genomic 
organization was predicted limited to the known region (Fig. 47). 
 
 
Figure 47: Genomic organization of the planarian adam-like and 
kuzbanian-like genes. Green boxes indicate the exons; green lines indicate 
Introns. The numbers indicate the exon length. The diagram is to scale. Kb: 
kilo base pairs. 
 
 
 
The analysis revealed that the adam-like genes show an 
interrupted genomic organization with a large number of exons 
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spanning over 20 Kbp. The number and the length of exons and 
introns are not conserved between the different adams.  
A variable situation was also observed for the 
kuzbanian-like genes. With the exception of smed-
kuzbanian3 that is composed by 7 exons, resembling that 
described for the kuzbanian gene of other organisms (Albrecht et 
al., 2006) smed-kuzbanian1, smed-kuzbanian2 and smed-
kuzbanian4 are intron-less and the length of the exon is conserved 
among the different genes (Fig. 47). 
Fig. 
  163 
Results 
 
3.2 Structural analysis of the predicted planarian 
ADAMs 
 
 
All the planarian adams codify for conserved peptidases with a 
peculiar catalytic and disintegrin domains. The Zn-catalytic 
domain is well conserved in most of the predicted proteins, 
except that found in the SMED-ADAM-3 where only the first 
part of the consensus sequence was detected. In addition a 
substitution of a Gly with an Asn in the catalytic domain of 
SMED-KUZBANIAN1 and SMED-KUZBANIAN4 occurred 
(Fig.48).  
 
 
 
 
 
 
 
Figure 48: Multiple alignment of the catalytic domain. In orange are the 
conserved residues. The red box indicates the divergent sequence of SMED-
ADAM3. SMED-ADAM3 also lacks the met-turn, very conserved among the 
metzincin members.  
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The comparative analysis of the disintegrin domain shows that 
the D-loop (consensus sequence: CRXXXXXCDXXEXC) - the 
region involved in the recognition and bound of different 
integrins - is present in all the ADAM-LIKEs while, as expected, 
is absent in the KUZBANIAN-LIKEs (Fig.49). 
 
 
 
 
Figure 49: Multiple alignment of the disintegrin domain. In orange the 
conserved sequence that bound Ca2+. The yellow box indicates the D-loop 
region. The conserved residues are in green characters. 
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3.2.1 smed-adam1 
 
 
smed-adam1 is 1329 bp. This sequence encodes an incomplete 
protein of 442 amino acids containing a conserved catalytic 
domain (16-27), a met-turn (42), a disintegrin domain (137-202) 
and an ACR domain (203-357). In addition a trans membrane 
domain was predicted in position 339-378 (Fig. 50). The 
expression analysis, performed by PCR and by in situ 
hybridization, revealed that this gene is not expressed both in 
asexual and sexual S. mediterranea (see below). 
 
 
A 
 
 
B 
 
 
 
 
  166 
Results 
C 
 
 
Figure 50: smed-adam1. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent  conserved amino acids in 
the catalytic domain and the met-turn. In orange the disintegrin domain, in 
light blue the cysteine rich domain. Blue characters, underlined in dark blue, 
indicate the trans membrane domain. C) Schematic representation of SMED-
ADAM1. Zn2+: catalytic domain; DIS: disintegrin domain; ACR: cysteine rich 
domain. 
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3.2.2 smed-adam2 
 
 
smed-adam2 is 2562 bp and it is not complete at 5’end. The 
predicted incomplete protein (799 amino acids) contains a 
conserved catalytic domain (16-27), a met-turn (38), a disintegrin 
domain (117-198), an ACR domain (199-351) and an EGF 
domain (347-385) followed by a long COOH terminus (Fig. 51). 
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Figure 51: smed-adam2. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent conserved amino acids in 
the catalytic domain and the met-turn.  In orange characters the disintegrin 
domain, in light blue characters the cysteine-rich domain and in pink 
characters the EGF domain. C) Schematic representation of SMED-ADAM2. 
Zn2+: catalytic domain; DIS: disintegrin domain; ACR: cysteine rich domain; 
EGF: epidermal growth factor domain. 
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3.2.3 smed-adam3 
 
smed-adam3 is 1191 bp. The sequence codifies for an 
incomplete predicted protein of 396 amino acids that contains a 
conserved catalytic domain (23-34), a disintegrin domain (57-
129), an ACR domain (184-279). In addition a trans membrane 
domain can be predicted in position 358-373 (Fig. 52). 
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Figure 52: smed-adam3. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent conserved amino acids in 
the catalytic domain. In orange the disintegrin domain, in light blue the 
cysteine rich domain.  Blue characters, underlined in dark blue, indicate the 
trans membrane domain. C) Schematic representation of SMED-ADAM3. 
Zn2+: catalytic domain; DIS: disintegrin domain; ACR: cysteine rich domain. 
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3.2.4 smed-adam4 
 
 
smed-adam4 is 1341 bp and the sequence codifies for an 
incomplete protein of 446 amino acids, containing a conserved 
catalytic domain (66-78),a met-turn (88), a disintegrin domain 
(160-236), an ACR domain (237-364). In addition a trans 
membrane domain was predicted in position 422-441 (Fig. 53). 
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Figure 53: smed-adam4. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent conserved amino acids in 
the catalytic domain and the met-turn. In orange characters the disintegrin 
domain, in light blue characters the cysteine rich domain. Blue characters, 
underlined in dark blue, indicate the trans membrane domain. C) Schematic 
representation of SMED-ADAM-4. Zn2+: catalytic domain; DIS: disintegrin 
domain; ACR: cysteine rich domain.  
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3.2.5 smed-kuzbanian1 
 
 
The nucleotidic sequence of smed-kuzbanian1 is 2154 bp and 
codify for a predicted protein of 718 amino acids. The complete 
sequence contains a conserved catalytic domain in position 320-
331 and a disintegrin domain in position 393-472. In addition a 
trans membrane domain can be predicted in position 636-654 
(Fig. 54). 
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Figure 54: smed-kuzbanian1. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent conserved amino acids in 
the catalytic domain and the met-turn. In orange the disintegrin domain. Blue 
characters, underlined in dark blue, indicate the trans membrane domain. C) 
Schematic representation of SMED-KUZBANIAN1. Zn2+: catalytic domain; 
DIS: disintegrin domain 
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3.2.6 smed-kuzbanian2 
 
 
The nucleotidic sequence of smed-kuzbanian2 is 2061 bp and 
codifies for a predicted protein of 687 amino acids. The protein 
contains a conserved catalytic domain (291-301) and a disintegrin 
domain (362-441). In addition a trans membrane domain was 
predicted in position 568-590 (Fig. 55). 
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Figure 55: smed-kuzbanian2. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent conserved amino acids in 
the catalytic domain and the met-turn. In orange the disintegrin domain. Blue 
characters, underlined in dark blue, indicate the trans membrane domain. C) 
Schematic representation of SMED-KUZBANIAN2. Zn2+: catalytic domain; 
DIS: disintegrin domain. 
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3.2.7 smed-kuzbanian3 
 
 
The nucleotidic sequence of smed-kuzbanian3 is 2474 bp and 
codifies for a predicted protein of 677 amino acids. The complete 
sequence contains a conserved catalytic domain (177-188) and a 
disintegrin domain (262-353). In addition a trans membrane 
domain was predicted in position 495-517 (Fig. 56). 
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Figure 56: smed-kuzbanian3. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent conserved amino acids in 
the catalytic domain and the met-turn. In orange the disintegrin domain. Blue 
characters, underlined in dark blue, indicate the trans membrane domain. C) 
Schematic representation of SMED-KUZBANIAN3. Zn2+: catalytic domain; 
DIS: disintegrin domain. 
  179 
Results 
 
3.2.8 smed-kuzbanian4 
 
 
The nucleotidic sequence of a representative member of smed-
kuzbanian4 genes is 2163 bp and codifies for a predicted protein 
of 721 amino acids. The complete sequence contains a conserved 
catalytic domain (324-335) and a disintegrin domain (397-465). 
In addition a trans membrane domain was predicted in position 
602-624 (Fig. 57). 
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Figure 57: smed-kuzbanian4. A) Nucleotidic sequence. B) Predicted protein. 
Green characters, highlighted in yellow, represent conserved amino acids in 
the catalytic domain and the met-turn. In orange the disintegrin domain. Blue 
characters, underlined in dark blue, indicate the trans membrane domain.  C) 
Schematic representation of SMED-KUZBANIAN4. Zn2+: catalytic domain; 
DIS: disintegrin domain. 
  181 
Results 
 
3.3 Expression analysis of planarian adam genes 
 
 
 
The spatial expression of smed-adam and -kuzbanian genes 
was characterized by whole mount in situ hybridization and on 
wax sections. Not all the identified genes were expressed (Table 
XII). 
 
 
 
 
Table XII: Summary of the expression of planarian adam genes. 
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3.3.1 smed-adam2 
 
 
Whole mount in situ hybridization on intact and regenerating 
planarians provided a spatial analysis of smed-adam2 expression. 
In intact animals, smed-adam2 staining was observed in the 
mesenchymal tissue (parenchyma), with a pattern that reflects the 
distribution of neoblasts. During regeneration no changes in the 
hybridization signal were observed at 2 days after cut. After 5 
days of regeneration accumulation of smed-adam2 transcripts 
started to be detected in the region where the central nervous 
system is regenerating, suggesting that this gene is involved in 
late events related to the formation of this structure (Fig. 58). 
 
 
 
Figure 58: Expression pattern of smed-adam2. A) Whole mount in situ 
hybridization in an intact planarian B) A regenerating fragment at 2 days 
of regeneration; C) A regenerating fragment at 7 days of regeneration; D) 
magnification of the blastema region of the picture depicted in C. 
Anterior is on the top. Scale bar: 1mm.  
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Because parenchymal tissue contains a number of different 
cell types I selectively killed neoblasts by a lethal dose of  γ-ray 
irradiation, and then evaluated the effects on the expression of 
smed-adam2 at different times from the treatment (2 and 4 days) 
by real time RT-PCR. After irradiation smed-adam2 expression 
level decreased strongly indicating that this gene is expressed in 
neoblasts  (Fig. 59). 
 
 
 
 
 
 
Figure 59: Expression level of smed-adam2  analyzed by real time RT-
PCR at 2 and 4 days after irradiation. K: control; 2irr: 2 days after 
irradiation; 4irr: 4 days after irradiation. The expression level is indicated in 
relative units, assuming as unitary the value of the control. Analysis of 
variance (ANOVA) showed significant differences between the expression in 
irradiated specimens compared to the control. ⁎⁎P=0.001. 
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3.3.2 smed-adam3 
 
 
The spatial expression of smed-adam-3 was characterized by 
in situ hybridization on intact animals and regenerating pieces. In 
intact animals smed-adam3 is specifically expressed in the CNS. 
During regeneration its expression is up regulated in the 
regenerating CNS, suggesting that this gene is required for 
regeneration of this tissue (Fig. 60). 
 
 
 
 
Figure 60: Expression pattern of smed-adam3 as detected by whole mount 
in situ hybridization. intact animal A) Ventral view of an intact planarian B) 
Dorsal view of an intact planarian C-E) Planarian fragments regenerating a 
head. C) 2 days of regeneration. D) 3 days of regeneration. E) 5 days of 
regeneration. Scale bars: 1mm. 
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3.3.3 smed-kuzbanian1 and smed-kuzbanian2 
 
Whole mount in situ hybridization in intact, mature sexual 
planarians revealed expression of smed-kuzbanian1 and smed-
kuzbanian2 both in testes and ovaries (Fig. 61). Planarian testes 
are oval structures located in dorsal bilateral rows along the 
planarian body, while a pair of ovaries can be found on the 
ventral side, in a region posterior to the cephalic ganglia (Hyman, 
1951) (Fig. 61). Both genes are also expressed in the copulatory 
apparatus.  
 
 
 
 
Figure 61: In situ hybridization of smed-kuzbanian1 and smed-
kuzbanian2 in sexual S. mediterranea. A) An intact planarian hybridized 
with smed-kuzbanian1, dorsal view. B) An intact planarian hybridized with 
smed-kuzbanian2, ventral view. C) Cryosection of a smed-kuzbanian2 
hybridized planarian, performed at the ovary level. Some labeled oocytes 
can be detected (red arrow) D) Cryosection of a smed-kuzbanian1 
hybridized planarian, performed at the testis level. Some labeled testes can 
be detected (red arrow). Scale bars: 1mm in B and C; 100 µm in D and E.  
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3.3.4 smed-kuzbanian3 
 
 
In intact animals, smed-kuzbanian3 staining was observed in 
the parenchyma, with a pattern that reflects the distribution of 
neoblasts. In addition this gene is expressed in the CNS. During 
regeneration its pattern did not change, but at 5 days of 
regeneration up regulation of smed-kuzbanian3 transcripts could 
be observed in the region where the two cephalic ganglia are 
regenerating, suggesting that this gene is involved in the 
morphogenetic events that underlie the regenerative process of 
these structures (Fig. 62). 
 
 
 
Figure 62: In situ hybridization of smed-kuzbanian3 in S. mediterranea. A) 
An intact planarian, dorsal view. B) Magnification of the of the head region, 
ventral view. C) A fragments regenerating a head, 5 days of regeneration Scale 
bars: 1mm.  
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To verify if smed-kuzbanian3 is expressed by neoblasts I 
performed real time RT-PCR experiments on g-irradiated 
animals. After 2 and 4 days from irradiation the expression level 
of smed-kuzbanian3 strongly decreased, suggesting that this gene 
is expressed in stem cells. A residual expression, probably due to 
the presence of smed-kuzbanian3 transcripts in nerve cells, could 
be still detected in g-irradiated animals (Fig. 63). 
 
 
Figure 63: Expression level of smed-kuzbanian3 gene analyzed by real 
time RT-PCR at 2 and 4 days after γ-irradiation. K: un-irradiated animals; 
2irr: 2 days after irradiation; 4irr: 4 days after irradiation. The expression level 
is indicated in relative units, assuming as unitary the value of the control. 
Analysis of variance (ANOVA) showed significant differences between the 
expression in irradiated specimens compared to the control; ⁎⁎P=0.001. 
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3.3.5 smed-kuzbanian4 
 
 
 
Whole mount in situ hybridization in intact asexual planarians 
revealed expression of smed-kuzbanian4 in clusters of cells 
distributed in the dorsal parenchyma of the body with the 
exception of the head region (Fig. 64). Preliminary results 
indicate that in sexual planarians smed-kuzbanian4-positive cells 
were found in the testes and ovaries (Fig. 64). For this reason it is 
tempting to speculate that smed-kuzbanian4 transcripts can be 
expressed in germ line stem cells in asexual planarians. Further 
experiments are required to pinpoint this possibility. As smed-
kuzbanian4 expression pattern may include the overlap of the 
expression pattern of the 4 very similar members (see description 
above), I was unable to further discriminate if the expression 
observed is due to the overlap of different patterns.  
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Figure 64: In situ hybridization of smed-kuzbanian4 in S. mediterranea. A) 
An intact asexual animal, dorsal view. B-C) Cryosections of the planarian 
depicted in  A.  B) A section at the pharynx level, counterstained with Hoechst. 
C) A section at the prepharynx level. In both figures the dorsal clusters are 
clearly visible. D) A sexual S. mediterranea, dorsal view.  Scale bars: 1mm in 
A and D; 100 µm and 1mm in B and C. 
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4. Matrix metalloproteases (MMPs) 
 
 
I identified 4 genomic contigs (v31.000538, v31.003998, 
v31.004778, v31.7963) corresponding to the predicted planarian 
MMPs and named them smed-mmp1, smed-mmp2, smed-mt-mmp 
e smed-inmmp, respectively. I looked for the corresponding 
sequences in the SmedEST database and identified 3 ESTs 
corresponding to 3 predicted active MMPs (smed-mmp1 
AY068367, smed-mmp2 DN291991, smed-mt-mmp AY967677). 
No EST corresponding to smed-inmmp was found. Using specific 
primers, I succeeded to amplify these genes both in the genome 
and cDNA, except smed-inmmp. These results confirm that smed-
inmmp is a non-functional gene (Fig. 65). These genes are also 
conserved in the related planarian Dugesia japonica. In fact I 
identified 2 ESTs corresponding to smed- mmp1 and smed-mt-
mmp (32900267, 32900195, respectively) (Mineta et al., 2003). 
The smed-mmp2 was isolated in D. japonica using the specific 
primers designed for smed-mmp2. 
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Figure 65: smed-inmmp. A) Genomic sequence. B) Predicted amino acid 
sequence. The putative catalytic domain is indicated in green characters. 
D) Schematic representation of the inactive catalytic domain of 
SMEDINMMP. Residues in red characters represent the amino acids that 
are not conserved with respect to the consensus sequence. E) PCR 
screening of mmp genes in S. mediterranea. 1, 2: smed-mmp1; 3, 4: 
smed-mmp2; 5, 6: smed-mt-mmp. 7, 8: smedinmmp.  
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4.1 Genomic organization of the predicted 
planarian mmps 
 
 
In order to define the intron-exon organization of the planarian 
mmp genes, I aligned, using BioEdit, the complete cDNA 
sequence of each gene with the corresponding genomic contig.  
This analysis revealed that smed-mmp1 e smed-mmp2 are 
organized in 10 exons of similar length and 9 introns of variable 
length (Fig. 66). smed-mt-mmp shows a peculiar genomic 
organization with only 9 exons and 8 introns (Table XIV and Fig. 
65). One of these, the intron 6, is very large (2695 bp).  
 
 
 
 
 
 
 
Figure 66: Genomic organization of smed-mmp1, smed-mmp2 and smed-
mt-mmp. Orange boxes indicate the exons. Grey lines indicate the introns. 
Green boxes indicate 3’ UTR. The diagram is to scale Kb: kilo base pairs. 
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The analysis of the splice donor and splice acceptor sites 
demonstrated that smed-mmp2 (Table XIVB) and smed-mt-mmp  
(Table XIVC) possess canonical donor and acceptor sites 
(GT/AG) smed-mmp1 has a non canonical acceptor and donor 
site in the intron 5 boundary (GG instead of GT and CC instead 
of AG, respectively) and a non canonical donor site in the intron 
6 (TG instead of GT) (Table XIV). 
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Table XIV: Exon/intron organization of the planarian smed-mmp1 
A), smed-mmp2 B), smed-mt-mmp. C) The sequence of each exon 
(uppercase) at the boundary of the introns (lowercase) is shown. Start 
and stop codons are underlined. In red characters the non-canonical 
acceptor and donor sites. 
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4.2 Structural analysis of the predicted 
planarian MMPs 
 
 
smed-mm1 and smed-mmp2 codify for minimal MMPs 
(matrilysins) of 475 and 510 amino acids, respectively. The 
deduced proteins consist only of a signal peptide, a prodomain 
and a catalytic domain. 
Using SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/), a 
free server that predicts the presence and location of signal 
peptide cleavage sites in the amino acid sequences, I found a 
putative cleavage site of the signal peptide between S18 and F19 
for SMED-MMP1 and between A17 and F18 for SMED-MMP2 
(Fig. 67). In addiction, a predicted TIMP binding surface in the 
catalytic domain of SMED-MMP2 was found. 
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Figure 67: Signal peptide prediction in the amino acid sequence. 
Graphic representation obtained with SignalP 3.0. A) SMED-MMP1. B) 
SMED-MMP2. 
 
 
 
SMART (Simple Modular Architecture Research Tool), 
(http://smart.embl-heidelberg.de/) was used to analyse the 
putative conserved domains. The prodomain of SMED-MMP1 
consists of 82 amino acids and contains the C76, required for the 
catalytic activity in a sequence (KGRCGGKD) that differ respect 
to the MMPs of other organisms. The catalytic domain consists of 
156 amino acids and contains, in position 201-211, the conserved 
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motif (HEXXHXXGXXH), required for the catalytic activity. 
Finally, the typical M turn, with unknown function, is present in 
position 219 (Fig. 68). 
 
 
Figure 68: smed-mmp1. A) Schematic representation of the minimal 
structure of the deduced SMED-MMP1. Pro: pro-peptide domain; catalytic: 
catalytic domain; B) Nucleotide sequence. The start and stop codons are in 
bold. C) Deduced amino acid sequence. Numbers on the right indicate 
amino acids. Red arrow marks the cleavage site of the signal peptide for 
targeting to secretory vesicles. The amino terminal pro-peptide domain is 
shown in blue characters. The active Zn-binding motif 
(HEXXHXXGXXH) in the catalytic domain (green characters) is in bold. 
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Although SMED-MMP2 shares the same domain organization 
of SMED-MMP1, the sequence appears very different, and shows 
only 44% amino acid identity. The prodomain of SMED-MMP2 
consists of 79 amino acids and contains the C74, , in the consensus 
sequence (KSRCGGKD). Its catalytic domain consists of 175 
amino acids and contains the conserved motif HE 
XXHXXGXXH, in position 217-227, with an M turn in position 
235 (Fig. 69). 
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Figure 69: smed-mmp2. A) Schematic representation of the minimal 
structure of the deduced SMED-MMP2. Pro: pro-peptide domain; catalytic: 
catalytic domain; B) Nucleotide sequence. The start and stop codons are in 
bold. C) Deduced amino acid sequence of SMED-MMP1 Numbers on the 
right indicates amino acids. Red arrow marks the cleavage site of the signal 
peptide for targeting to secretory vesicles. The amino terminal pro-peptide 
domain is shown in blue characters. The active Zn-binding motif 
(HEXXHXXGXXH) in the catalytic domain (green characters) is in bold. 
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SMEDMT-2-MMP consists in 545 aminoacids. This MMP 
shares respectively 16.8% and 15.3% aminoacid identity with 
SMED-MMP1 and SMED-MMP2, respectively. Its structure is 
also different. The prodomain region spreads from amino acid 1 
to 93 and, in addition to the cystein-switch in position 86-93, a 
transmembrane domain (1 to 21), can be predicted at the N-
terminus by the TMHMM server 2.0 (Fig. 70). This kind of 
membrane anchor domain has been observed only in Membrane 
Type II MMP-specific membrane-bound MMPs, found in some 
vertebrate species (Pei et al., 2000). For this reason I named this 
protein SMED-MT-MMP. This class of enzymes are 
characterized also by the presence of an insertion between the 
pro-peptide and the catalytic domains, which may be cleaved by 
furin-like enzymes (Seiki, 1999). To assess the presence of a 
furin cleavage site in the SMED-MT-MMP sequence, I used the 
free tool ProP 1.0 to identify a propeptide region. This analysis 
revealed also the presence of a furin cleavage site (ILKRVKR) in 
position 120 (score=0,7). Downstream the catalytic domain (126 
to 295, with a consensus motif in position 247-258 and a 
predicted TIMP binding surface), SMED-MT-MMP also contains 
a flexible proline-rich hinge region (300 to 326) and four 
hemopexin-like motifs (338 to 389, 394 to 433, 445 to 495 and 
497 to 541) at the C-terminal (Fig. 70). 
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Figure 70: smed-mt-mmp. A) Schematic representation of the structure of 
SMED-MT-MMP. Pro: pro-peptide domain; catalytic: catalytic domain; 
hinge: prolin rich hinge; Hemopexin repeats: 4 hemopexin repeats are 
present. B) Nucleotide sequence of smed-mt-mmp. The start and stop 
codons are in bold. C) Deduced amino acid sequence of SMED-MT-MMP.  
Numbers on the right indicate amino acids. The amino terminal pro-peptide 
domain is shown in blue characters. The trans membrane domain is 
underlined. The catalytic domain is in green characters and the active Zn-
binding motif (HEXXHXXGXXH) is in bold. The proline rich hinge is in 
red characters and the four hemopexin repeats are in yellow characters. 
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4.3 Sequence comparison of S. mediterranea and 
D. japonica MMPs 
 
 
Making use of D. japonica ESTs collections and specific S. 
mediterranea primers I isolated orthologues in D. japonica cDNA 
showing high similarity to S. mediterranea counterparts mmp1, 
mmp2, mt-mmp (88%, 99%, 84% amino acidic identity, 
respectively). In figure 71 I report, as an example, the alignment 
of MMP1 and MT-MMP between S. mediterranea and D. 
japonica in the region where the in situ hybridization probe was 
designed. 
 
 
A 
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 Figure 71: Sequence comparison of MMPs between S. mediterranea 
and D. japonica. A) SMED-MMP1 vs DJ-MMP1. B) SMED-MT-MMP vs 
DJ-MT-MMP. 
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4.4 Expression analysis of planarian mmp1 and 
mmp2  
 
 
The spatial expression of smed-mmp genes was characterized 
by in situ hybridization whole mount and on wax sections (Fig. 
72). In intact planarians smed-mmp1, smed-mmp2 transcripts 
were found in cells confined to the central body region in two 
ring-shaped areas localized dorsally and ventrally in the 
parenchyma around the pharynx. smed-mmp2-positive cells 
appeared especially abundant at the prepharynx level, while the 
cells expressing smed-mmp1 mRNA had a more uniform 
distribution. All labelled cells appeared rather large, slightly 
polygonal or bottle-shaped, with a round nucleus, provided with 
one distinct nucleolus (Fig. 72) Most of them had a sub-
epidermal distribution (Fig. 72) and were often aggregated 
together. smed-mmp1, smed-mmp2 expressing cells probably 
constitute subsets of cyanophilic secretory cells of planarians, as 
they co-localize with cells stained strongly with by aniline blue in 
the Heidenhain's stain (Fig.71 for smed-mmp-2 as an example) 
(Pedersen, 1959). A very similar expression pattern was observed 
for the orthologues in D. japonica (Fig. 72). 
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Figure 72: mmp1 and mmp2 expression in planarians. A-G: smed-mmp1; H-
N smed-mmp2. A-C: whole mount in situ hybridization on an intact planarian. 
A: dorsal view. B: ventral view. C: lateral view. Anterior is on the left. D-G: 
smed-mmp-1 positive cells as visualized by in situ hybridization on wax 
sections. D) smed-mmp-1 positive cells. E) Ethidium homodimer staining. F) 
DjPCNA immunostaining to detect neoblasts. G) Merge of D, E and F. H) 
whole mount in situ hybridization; dorsal view. I) In situ hybridization on a 
wax longitudinal section. L: longitudinal section stained with blue (azan) after 
in situ hybridization with smed-mmp2. M: enlargement of a smed-mmp2 
positive cell, localized in subepidermal position. N) smed-mmp2-positive cells 
detected with Fast Red (Sigma) as a substrate for colour development. O) 
Expression pattern of mmp1 in D. japonica (Djmmp1). P) Expression of mmp2 
in D. japonica (Djmmp2). Scale bars: A-C, H-I, O-P 1mm. D-G, M-N 40 µm. 
L 100 µm. 
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During regeneration the ring-shaped expression pattern of 
smed-mmp1, smed-mmp2 genes did not change significantly in 
trunk fragments, while some labelled cells began to be detected in 
head and tail fragments only after 3-4 days of regeneration (Fig. 
73). A similar result was observed in D. japonica (not shown). 
 
 
 
Figure 73: smed-mmp1 expression during regeneration. A-C) whole 
mount in situ hybridization of regenerating fragments, 1 day after cutting. 
A) Head. B) Trunk. C) Tail, D-F) whole mount in situ hybridization of 
regenerating fragments, 3 days after cutting. D) Head. E) Trunk. F) Tail. 
Scale bar: 1mm.  
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4.5 Expression analysis of planarian mt-mmp 
 
 
Whole mount in situ hybridization on intact and regenerating 
planarians provided a spatial analysis of smed-mt-mmp 
expression (Fig. 74). The spatial expression of smed-mt-mmp 
differs from the other planarian mmp genes. In intact animals, 
smed-mt-mmp staining was observed in the parenchyma, with a 
pattern that reflects the distribution of neoblasts, in the inner part 
of cephalic ganglia, in the gastrodermis and in the inner part of 
the pharynx (Fig. 74). 
 
Figure 74: Expression pattern of mt-mmp in S. mediterranea and D. 
japonica. A) Expression pattern in intact S. mediterranea. B) Expression 
pattern on cryosections of smed-mt-mmp at the pharynx level. C) 
Expression of dj-mt-mmp in intact D. japonica. D) Magnification of the 
expression pattern in the head region in intact D. japonica. Scale bars: 
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1mm in A and C; 200 µm in B; 1mm in D. 
During regeneration the mt-mmp expression pattern remain, 
both in S. mediterranea but also in D. japonica, the same 
observed in intact animals (Fig. 75) with a signal diffused in the 
parenchymal tissue. This data suggests that the mt-mmp 
expressing cells are not neoblast.  
 
 
 
 
Figure 75: Expression pattern of mt-mmp at 2 days of regeneration 
in S. mediterranea and D. japonica. A) Schematic representation of 
the cut protocol. B-D) mt-mmp expression pattern in D. japonica at 2 
days of regeneration. B) Head fragment. C) Trunk fragments. D) Tail 
fragment. E-G) Expression pattern of mt-mmp in S.medterranea at 2 
days of regeneration. B) Head fragment. C) Trunk fragments. D) Tail 
fragment. The dotted line indicates the cut sites. Scale bat: 1mm. 
  209 
Results 
As parenchymal tissue contains a number of different cell 
types I selectively destroyed neoblasts by a lethal dose (100 Gy 
for S. mediterranea and 30 Gy for D. japonica) of γ-ray radiation, 
and then evaluated the level of expression of smed-mt-mmp at 
different times from treatment (2, 3, 4 and 7 days) by real time 
RT-PCR. The smed-mt-mmp expression level decreased slowly 
after irradiation (Fig. 76). To understand if this behaviour was 
due by the residual expression of smed-mt-mmp in the CNS and 
in the pharynx I analysed the expression at the same times from 
irradiation by whole mount in situ hybridization. The expression 
pattern of smed-mt-mmp remained similar to that observed in 
untreated animals, but the signal slowly decreased (Fig. 76). 
 
 
 
Figure 76: Expression pattern of smed-mt-mmp in irradiated S. 
mediterranea. 
A) Dorsal view of an irradiated animal, 2 days after irradiation. D) Ventral 
view of an irradiated animal, 2 days after irradiation. E) Dorsal view of an 
irradiated animal, 4 days after irradiation. F) Ventral view of an irradiated 
animal, 4 days after irradiation. E) Magnification of the head region at 4 
days from irradiation. Scale bar: 1mm in A-D; 1mm di E.  
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The experiments just described were performed also in D. 
japonica. Also in this species, this gene appeared expressed in γ-
ray irradiation insensitive cells distributed in the head, 
parenchyma, as well as in the gastrodermis (Fig. 77).  
 
Figure 77: Expression pattern of dj-mt-mmp in irradiated D. japonica. 
A) Dorsal view of an unirradiated animal. B) Dorsal view of an irradiated 
animal, 2 days after irradiation. C) Dorsal view of an irradiated animal, 3 days 
after irradiation.  D) Dorsal view of an irradiated animal, 4 days after 
irradiation. E) Dorsal view of an irradiated animal, 2 days after irradiation. F) 
Expression pattern of dj-mcm2 in intact animal G) Expression pattern of dj-
mcm2 in irradiated animal as control for the experiment. H) Relative 
expression level of dj-mt-mmp a different time from irradiation analyzed by 
Real time RT-PCR. I) Relative expression level of dj-mt-mmp at 2 days from 
irradiation analyzed by real time RT-PCR. Analysis of Variance (ANOVA) 
showed significant differences between the expression in irradiated specimens 
compared to the control. *P=0,05 in H and *** P=0,0001 in I. K: control; 2d: 2 
days after irradiation; 3d: three days after irradiation. 4d: four days after 
irradiation; 7d: 7 days after irradiation.  Scale bar: 1mm in A-E and F-G. 
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These results indicate that mt-mmp is expressed in different 
populations of γ-irradiation-insensitive cells, present in the 
parenchyma, in the CNS in the pharynx. Probably this 
membrane-associated mmp is expressed in these tissues and is 
involved in the turnover of extracellular matrix components. In 
addition a transient overexpression of mt-mmp transcripts was 
observed at 2-3 days after irradiation in the parenchyma around 
the gastrodermal branches, around and anterior to the pharynx 
(Fig. 78).  
 
 
Figure 78: Expression pattern of dj-mt-mmp after 3 days from irradiation 
in D. japonica. A) Whole mount of dj-mt-mmp at 3 days from irradiation. B) 
In situ hybridization at the beginning of the pharynx. C) Hoechst counterstains. 
D) Merge of B and C. E) In situ hybridization at the pharynx level. F) Hoechst 
counterstain. D) Merge of E and F .The red and green line in A indicates the 
site of the cut. Scale bars: 1mm in A; 200 µm in B-G. 
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4.6 Effect of RNAi-mediated silencing of mmp1  
 
 
To assess the role of smed-mmp1 I performed RNAi 
experiments (Sánchez Alvarado and Newmark, 1999) and 
evaluated the effects on intact animals and during regeneration. A 
significant reduction in endogenous smed-mmp1 RNA level was 
observed in smed-mmp1-injected specimens with respect to 
water-injected controls (Fig. 79) The levels of smed-mmp2 and 
smed-mt-mmp were not affected, indicating that the effect of 
smed-mmp-1 RNAi was specific (Fig. 79). 
smed-mmp1(RNAi) in intact animals produced body lesions  
followed by atrophy and lysis with consequent death of the 
animal after 3-5 days from the first injection. The survival of 
controls was not affected (Fig. 79). The penetrance of these 
phenotypes was 85% (127/150). The animals with a milder 
phenotype recovered in a few days after the treatment. However, 
the regeneration process did not appear to be compromised in the 
smed-mmp1 (RNAi) animals. After amputation all fragments 
formed a blastema and regenerated the missing body parts. The 
regenerated portions of the body appeared morphologically 
normal, suggesting that morphogenesis occurred normally. 
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Figure 79: Analysis of smed-mmp1 RNAi phenotypes. A,B) Brightfield images of intact 
animals. A) A water-injected control. B) A smed-mmp1 RNAi phenotype. Anterior is on 
the top. Scale bar: 1mm. C) Quantification of different phenotypes obtained at different 
days of injection. (D-F) Expression level of planarian mmp genes analyzed by real time 
RT-PCR after smed-mmp1 RNAi. D) Expression level of smed-mmp1 in s med-mmp1 
RNAi animals E) Expression level of smed-mmp2 in smed-mmp1 RNAi animals. F) 
Expression level of smed-mt-mmp in smed-mmp1 RNAi animals. K: water-injected 
controls, (RNAi): smed-mmp-1 RNAi The expression level is indicated in relative units, 
assuming as unitary the value of the control. Samples were compared using the unpaired t-
test. **P<0.001.  
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Further morphological analyses were performed in the injected 
animals. These experiments revealed widespread tissue 
disorganization along the whole body and a large number of cells 
were detected in the extracellular matrix, that appeared reduced 
with respect to the controls (Fig. 80). 
 
 
Figure 80: smed-mmp1 (RNAi) phenotypes show tissue disorganization. 
Representative images of paraffin-tissue cross sections (7 µm), stained with 
Giemsa. A,C,E) Control sections at different body level. A) Head. B) Post 
pharyngeal area. C) Tail region. B,D,F) smed-mmmp1 RNAi sections at 
different body level. B) Head. D) Post pharyngeal area. F) Tail region. e: eye; 
ep: epidermis; g: gut.. Scale bars: 100 µm in A-B and E-F, 200 µm in C-D. 
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To assess the possibility that smed-mmp1RNAi causes 
alteration in tissue homeostasis, I analysed the relative expression 
level of markers specific for different populations of cells. 
Accordingly to the finding that regeneration in smed-mmp1RNAi 
animals proceeds normally it is expected that the knockdown 
procedure does not affect neoblasts, In fact I did not observe any 
significant reduction in the number of α- phosphorylated histone 
H3 (H3P) immuno-stained cells, as well as in the expression level 
of the stem cell proliferation marker mcm2 (Salvetti et al., 2000) 
(Fig. 81). Furthermore, smed-mmp1RNAi did not interfere with 
the expression of the neoblast marker smedwi-1, neither with 
smed-nb.21.11e, a marker specific for the committed progeny 
(Eisenhoffer et al., 2008) (Fig. 82). 
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Figure 81: smed-mmp1RNAi does not affect neoblast survival and 
maintenance. A) Schematic representation of an intact planaria. Red dotted 
lines correspond to the regions depicted in B-E. B-E). Representative images 
of double whole-mount immunostaining using H3P antibody (green), and anti-
VC-1 antibody (red) to visualize photoreceptors. B,D) RNAi animals (C,E). F) 
Quantification of the H3P-signal from controls. C) smed-mmp1 RNAi animals 
(RNAi). Expression level of smed-mcm2 analysed by real time RT-PCR after 
smed-mmp1 RNAi. No significant variation in mitotic activity was observed in 
RNAi animals. K: control; RNAi: smed-mmp-1 RNAi animals). Scale bar: 
1mm. 
 
 
I also investigated the relative expression level of markers of 
differentiated cell types, such as smed-agat1, widely expressed in 
several cell types (Eisenhoffer et al., 2008), and smed-syt a 
marker specific for nerve cells (Tazaki et al., 1999). The data 
obtained clearly demonstrate that smed-mmp1 RNAi causes a 
significant increase in the expression level of both genes, 
suggesting that knock down of this gene causes an increase in the 
number of differentiated cells. These results suggest that smed-
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mmp1 regulates survival of postmitotic cells (Fig. 82). 
 
 
Figure 82: smed-mmp1 RNAi causes an increase in the number of 
differentiated cells. (A-D) Expression level of different markers after smed-
mmp1 RNAi, analyzed by real time RT-PCR.. C) and in smed-mmp1 RNAi 
animals (RNAi). A) Expression level of smedwi-1. B) Expression level of 
smed-nb21-11e. C) Expression level of smed-agat-1. D) Expression level of 
smed-syt. K: water-injected controls; RNAi: injected animals. In the real time 
RT-PCR experiments the expression level is indicated in relative units, 
assuming as unitary the value of the control. Samples were compared using the 
un-paired t-test. ⁎⁎P<0.001, ⁎⁎⁎P<0.0001.  
 
 
Since that recent data demonstrate that some simple forms of 
MMPs can induce cell death in different ways, for example, 
interacting with FasL-mediated apoptosis pathway (Liu et al., 
2008) or modulating the cadherin interactions at the cell surface 
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(Williams at al., 2010), I performed TUNEL assay on 
cryosections both in mmp-1-RNAi animals and in water injected 
controls, to observe programmed cell death (Fig. 83). 
Comparative analysis of Tunel assay results demonstrated that a 
significant decrease (unpaired t-test p= 0,0001) (about 45%) of 
apoptotic cell death occurred after mmp-1-RNAi (Fig. 83). 
  
A 
 
B 
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Figure 83: smed-mmp1 RNAi causes a decrease in apoptotic rate. A) 
Relative apoptosis rate in water-injected. C) smed-mmp1RNAi animals (RNAi) 
observed in TUNEL stained cryosections. B-C) TUNEL stained longitudinal 
cryosections in controls. B) smed-mmp1 RNAi animals. C). (D-F) control 
animals. D) Hoechst stain; E) TUNEL stain; F) merge. G-I) Corresponding 
cryosections in smed-mmp1 RNAi animals. G) Hoechst stain. H) TUNEL 
positive cells. I) Merge. Scale bars: B-C) 500 µm; D-I) 1mm. Samples were 
compared using the un-paired t-test.  ⁎⁎⁎P<0.0001. 
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4.7 Effects of RNAi-mediated silencing of mt-mmp  
 
 
To assess the role of smed-mt-mmp I performed RNAi 
experiments and evaluated the effects on intact planarians and 
during regeneration. These analyses were performed both in S. 
mediterranea and D. japonica. A significant reduction of 
endogenous smed-mt-mmp RNA level was observed in injected 
worms with respect to water-injected controls (Fig. 84). The 
levels of smed-mmp1 and smed-mm-2 were not affected, 
indicating that RNAi-mediated knockdown was specific (Fig. 
84). 
 
 
 
mt-mmp RNAi intact planarians (both S. mediterranea and D. 
Figure 84: Expression level of different planarian mmp genes after smed-mt-
mmp RNAi. A) Reduction in endogenous smed-mt-mmp RNA level in RNAi 
specimens with respect to water-injected controls. B) Expression level of smed-
mmp1. C) Expression level of smed-mmp2. Expression analyses were performed 
7 days after the second amputation. In the real time RT-PCR experiments the 
expression level is indicated in relative units, assuming as unitary the value of the 
control. Samples were compared using the un-paired t-test. **P<0.001. 
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japonica) presented an abnormal body consistence and 
pigmentation, head regression and/or lysis. The penetrance of this 
phenotype in intact animals was 85% (51/60) (Fig. 85). mt-mmp 
RNAi animals recovered in few days from the last injection and 
also regenerated normally. However, when the RNAi treatment 
was prolonged (more than 20 days) all animals died, while 
survival of controls was not affected (not shown). 
 
 
 
 
 
Figure 85: dj-mt-mmp (RNAi) phenotypes in intact D. japonica. A) A 
water-injected control. B) A Dj-mt-mmp RNAi planaria. Head regression and 
lysis can be observed. Scale bar: 1mm. 
 
smed-mt-mmpRNAi and Dj-mt-mmpRNAi revealed, in most of 
regenerating animals (132/180, 73% in D. japonica and 51/60, 
  222 
Results 
85% in S. mediterranea), a significant reduction of the blastema 
size and delayed morphogenesis both in anterior and posterior 
regenerants (Fig. 86 and Fig. 87).  
 
 
 
Figure 86: smed-mt-mmp (RNAi) regenerating phenotypes, 7 days after 
cutting . A) Schematic representation of the cutting procedure in S. 
mediterranea. Red dotted line indicates the amputation site. B,D) water-
injected controls. B) A head fragment regenerating a tail D) A tail fragment 
regenerating a head. C, E, F) smed-mt-mmp RNAi animals. C) A head 
fragment regenerating a very small blastema. E) A tail fragment regenerating a 
small blastema. F) Morphometric analysis of the ratio between blastema and 
stump area in planarian fragments regenerating a head reveals a significant 
difference between smed-mt-mmp RNAi and water-injected controls. K: 
controls. RNAi: smed-mt-mmp RNAi Values are average ± s.d. from 37 
samples. Samples were compared using the unpaired t-test. *P<0.05. Scale 
bars: 1mm. 
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Figure 87: dj-mt-mmp (RNAi) regenerating phenotypes, 6 days after 
cutting (second regeneration). A) Schematic representation of the cutting 
procedure in D. japonica. Red dotted line represents the amputation site. B-C) 
water-injected animals. B) A head fragment regenerating a tail. C) A tail 
fragment regenerating a head. D,E) smed-mt-mmpRNAi fragments. D) A head 
fragment shows an indented region at the wound site (star). No blastema 
formation can be observed. E) A tail fragment regenerating a very small 
blastema. No regenerating eyespots can be observed. Scale bars: 1mm. 
 
 
To assess the possible involvement of smed-mt-mmp in the 
behaviour of neoblasts during regeneration I performed 
immunostaining with Anti-P-Histone H3 (Anti-H3P), and Anti- 
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synapsin, a specific neural marker (Cebrià, 2008) in smed-mt-
mmp(RNAi) animals. No significant variation in the number of 
anti-H3P-positive cells was observed in RNAi animals with 
respect to the controls. However the number of anti-H3P-positive 
cells in the blastema at 7 days of regeneration seemed lower in 
injected animals with respect to the controls (Fig. 88), 
accordingly with a reduced regeneration rate. In smed-mt-mmp 
RNAi fragments regenerating a head, anti-synapsin antibody 
confirmed that a delayed regeneration rate of the cephalic ganglia 
occurred. However no evidence of abnormal morphogenesis 
could be detected (Fig. 88) 
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To further investigate what happens to neoblasts after RNAi-
mediated functional ablation of smed-mt-mmp I analysed the 
expression level of different cellular markers by real time RT-
PCR. smed-mt-mmp RNAi did not interfere with the expression 
of smedwi-1 and smed-mcm2, as well as with the expression of 
smed-nb21.11e, smed-agat-1 and smed-syt (Fig. 89).  
 
 
Figure 88: Immunostaining with anti-synapsin and anti-H3P 
antibodies in smed-mt-mmp RNAi fragments, 7 days after cutting. A) A 
smed-mt-mmp RNAi fragment, immunostained with anti-synapsin. B) A 
smed-mt-mmp RNAi fragment, immunostained with anti-H3P. C) A water-
injected fragment, immunostained with anti-synapsin. D) A water-injected 
fragment, immunostained with anti-H3P. The dashed yellow line indicates 
the border between the regenerating area and the stump. Anterior is on the 
top. Scale bar: 1mm. 	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Figure 89: Expression level of different markers after smed-mt-mmp 
RNAi. A) Expression level of smed-mcm2  B) Expression level of smedwi-1. 
C) Expression level of smed-nb21.11e. D) Expression level of smed-agat-1. E) 
Expression level of smed-syt. Expression analyses were performed 7 days  
during the second regeneration. The expression level is indicated in relative 
units, assuming as unitary the value of the control.  
 
 
 
Based on these results it is possible that smed-mt-mmp 
function does not affect neoblast maintenance/differentiation, but 
plays a key role in the remodelling of the extracellular matrix 
around them. As a consequence, these cells would become unable 
to migrate to ensure correct homeostasis and regeneration. Since 
some membrane-anchored MMPs appear to be involved in the 
control of migration by direct remodelling of the matrix around 
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migrating cells (Sato and Takino, 2010; Watanabe, 2010; Chen 
and Parks, 2009), it is suggestive to hypothesize that the delayed 
regeneration, could be the consequence of the reduced capacity of 
migrating neoblasts to move through the extracellular matrix. To 
analyse if this is the case, I analysed the expression pattern of 
smed-mcm2, a specific marker for proliferating neoblasts. During 
regeneration an increase in the expression level of smed-mcm2 
can be observed in the parenchyma beneath the blastema, a 
region where neoblasts migrate and activate proliferation 
(Salvetti et al., 2000). During regeneration neoblasts appear 
preferentially orientated towards the region of cut (Saló and 
Baguñà, 1989); this behaviour can be reflected by the oriented 
distribution of the mcm2 hybridization signal (Salvetti et al., 
2000). 
Preliminary results obtained by in situ hybridization with 
mcm2 during lateral regeneration indicate that in dj-mt-mmp 
RNAi animals the neoblasts are not well orientated towards the 
region of cut respect to the controls, indicating that functional 
ablation of mt-mmp causes a reduction of neoblast migratory 
ability (Fig. 90). 
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Figure 90: Expression pattern of dj-mcm2 in dj-mt-mmp RNAi at 48 
hours after amputation. A-B) Control animals. A) Lateral regenerant. B) 
Anterior regenerant. C-D) Injected animals. C) Lateral regenerant. D) 
anterior regenerant. The red arrows indicate the site where proliferating 
neoblast accumulate during regeneration. The dotted red line indicates the 
cut site. Scale bars: 1mm in A and C; 1mm in B and D. 
 
 
Since in planarians a sub-lethal dose of X-rays activates a 
mechanism of stem cell repopulation through migration of 
radioresistent cells (Salvetti et al., 2009), I assessed the 
possibility that the repopulation events would involve the 
function of MT-MMP. Real time RT-PCR was performed in 
animals irradiated with a sub-lethal dose of X-rays (5Gy), at 2 
and 4 days from the treatment. The results of this experiment 
demonstrate a strong increase of the expression level of dj-mt-
mmp, suggesting that this gene is involved in the migration events 
required to restore the correct number of stem cells in the 
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planarian body (Fig. 91). dj-mt-mmp is also modulated by other 
stress conditions, ,such as heat shock or starvation, (data not 
show) and it is possible that some heat shock proteins (HSPs) can 
induce the expression of this specific protease. This induction 
could influence cell migration, for example acting on laminin-5 
(Lee et al., 2006; Rust et al., 1999) 
 
 
 
 
 
Figure 91: djmt-mmp relative expression level after sub lethal X-ray 
irradiation. K: unirradiated planarians; 2d: two days after irradiation; 4d: 
four days after irradiation; 7d: seven days after irradiation. In the real time 
RT-PCR experiments the expression level is indicated in relative units, 
assuming as unitary the value of the control. Analysis of Variance 
(ANOVA) showed significant differences between the expression in 
irradiated specimens, compared to the control. ⁎⁎P=0.001, ⁎⁎⁎P=0.0001. 
 
 * This part of the project was performed in collaboration with Prof. Emili Saló, Deparment of 
Biology University of Barcelona. 
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Many data demonstrate that MMPs, after activation, are able 
to proteolytically process substrates in the extracellular 
microenvironment, thus regulating cell behavior, including 
migration. To further investigate the structural characteristics of 
the ECM, I compared at the ultrastructural level (TEM) the 
ECM of dj-mt-mmp darn-injected specimens vs control 
planarians*. The results obtained show that, the ECM of dj-mt-
mmp (RNAi) animals, appears as a disorganized structure in 
which the ECM fibers are aggregated together or, at least, do not 
form an ordered structure (Fig. 92). 
 
Figure 92: TEM analysis of ECM after dj-mt-mmp RNAi. A) ECM of a 
control (water-injected) animal. B) ECM of a dj-mt-mmp RNAi animal. 
The dotted square indicates the region enlarged in C. C) Magnification of a 
disorganized ECM region near to a ciliated cell. Abbreviations: 
Extracellular matrix (em), muscle fibres (mf), ciliated cell (cc), nucleus (n). 
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In addition, the basal lamina seems to be folded in itself (Fig. 
93). The microfibrilar layer (ml), the electron-lucent zone (lz) 
and limiting layer (ll) of this structure appear disorganized. This 
abnormal organization is mainly detectable in the lz  and in the 
ll, both composed essentially by fibronectin, collagen IV, 
proteoglycans and integrins (Hori, 1979). This structure seems 
to be more abundant in RNAi animals respect to the controls 
(Fig. 93). 
 
 
 
 
Figure 93: Ultrastructure of basal lamina by TEM in dj-mt-mmp RNAi 
animals. A) Basal lamina in control (water-injected) animals. B) 
Magnification of the basal lamina of control animals: the three layers are 
visible. C) Basal lamina in dj-mt-mmp RNAi animals. D) Enlarged view of 
the basal lamina in dj-mt-mmp RNAi animals. Abbreviations: extracellular 
matrix (em), muscle fibres (mf), nucleus (n), limiting layer (ll), electron 
lucent zone (lz), microfibrillar layer (ml), hemidesmosome (h). 
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Metzincin gene family in planarians 
 
 
The positional information contained within ECM and the 
delicate balance between the functions of its components and 
their control mechanisms is of vital importance for all cellular 
decisions. Inappropriate variations in both ECM structure and 
content may cause disease states, including neoplasia. ECM also 
represents a key component of the stem cell niche. Consequently, 
remodelling of this structure may contribute to regulate stem cell 
behaviour (i.e. proliferation, differentiation and migration), 
involving differential accumulation of growth factors and/or 
specific ECM molecules.  
A plethora of literature data demonstrates that development, 
morphogenesis and tissue remodelling are strongly influenced by 
composition and activity of ECM proteases, mainly by members 
of the metzincin gene superfamily (Chang and Werb, 2001; 
Huxley-Jones et al., 2007). 
In order to provide new insights into the complex process of 
stem cell-based regeneration and tissue homeostasis I performed 
a comprehensive analysis of metzincin genes using planarians as 
a model system. A total of 23 genes encoding metzincins were 
identified in the genome of S. mediterranea. This comprehensive 
analysis identified 8 astacin-like, 11 adam-like and 4 mmp-like 
genes. However no tissue inhibitors of metalloproteinases (TIMP) 
could be detected in the S. mediterranea genome. This is quite 
unusual because TIMPs are found in all organisms where they 
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have been searched. Moreover a potential TIMP binding domain 
is present in the catalytic domain of SMED-MMP2 and SMED-
MT-MMP. The most likely possibility is that the planarian genes 
diverged early in the evolution of the TIMP family.  
Based on the genomic organization of all planarian metzincins, 
the introns show a markedly skewed size distribution. The 
unusual intron size distribution appears to be typical of 
Platyhelminthes (Berriman et al., 2009). It is tempting to 
speculate that this feature may reflect an unusual transcriptional 
control. As representatives of the Lophotrochozoa, these 
organisms offer in fact insights into early events in the evolution 
of the animals  
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1. Astacins 
 
 
The astacin proteases are a subclass of metzincins that are 
widespread among different animal phyla (Mohrlen et al., 2003). 
The S. mediterranea genome contains a reduced number of 
astacin genes (8) with respect to other organisms. The limited 
number of planarian astacins is quite unusual for an invertebrate 
organism, because a general expansion of astacin family occurred 
in Nematodes (Caenorhabditis elegans: 40 astacin genes). In 
addition in Drosophila there are 16 genes encoding astacins, and 
in sea urchin 23 (most of them are redundant) (Park et al., 2010; 
Möhrlen et al., 2003). However the small number of astacins 
found in the blood fluke, Schistosoma mansoni, suggests that a 
possible secondary gene loss occurred during evolution of 
Platyhelminthes (Park et al. 2010).  
Based on the genomic organization the planarian astacin genes 
can be subdivided in three groups. The first one is represented by 
smed-ast-1 and smed-ast-2, each with four exons and three 
introns. The length and position of the introns and exons appear 
well conserved between the two genes. The second group is 
represented by smed-ast-3, -4 and -6 with five exons and four 
introns, again preserved as length and position. Finally, the third 
group is represented by smed-ast-5 and smed-ast-7, with six and 
seven exons, respectively. These data indicate that while the first 
two groups include genes derived by two independent events of 
duplication, the other group contains two genes with a different 
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genomic organization. Interestingly, both smed-ast-5 and smed-
ast-7 are characterized by the presence of a big intron, of about 
1Kb, in position three and five, respectively (Fig. 30).  
With the exception of smedolloid-1 and smed-ast-7, the 
aminoacidic structure of the planarian astacins is a minimal 
structure, characterized only by the signal peptide, the propeptide, 
and the catalytic domain. The longer consensus 
(HEXXHXXGFXHTXXRXDR), that typifies the catalytic 
domain of this family, is present in all planarian astacins except 
astacin7 (SMED-AST-7). In this protein a "toxin domain" Shk, 
rich in cysteine, can be found at the C-terminal (Fig. 37). An 
interesting counterpart of the SMED-AST7 Shk domain was 
found in Podocoryne carnea PMP1 (Pan et al., 1998) and in sea 
anemone proteins: ShK-Toxin, HmK-Toxin and BgK-Toxin. In 
the sea anemone species Stichodactyla helianthus this region 
seems to be a potent specific inhibitor of voltage-gated potassium 
channels in human T lymphocytes and, from a pharmacological 
point of view, it has been proposed as an immunosuppressive 
agent because its action blocks the activation of T cells by 
preventing membrane depolarization (Kalman et al., 1998).  
In order to assess the level of conservation of planarian astacin 
genes, the sequences were also amplified in the related species, 
D. japonica. The data demonstrate that the genes coding for dj-
ast-1, dj-ast-2 are almost identical to smed-ast-1, smed-ast-2, 
suggesting that the duplication event that generated the two 
paralogs pre-dated the divergence between the two species. The 
situation appeared different for the astacin genes belonging to the 
second group (smed-ast-3, smed-ast-4 and smed-ast-6). Only 
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smed-ast-4 and smed-ast-6 showed almost identical orthologs in 
D. japonica, while no smed-ast-3-like genes could be identified. 
Accordingly, in situ hybridization using smed-ast-3 as a probe did 
not reveal any hybridization signal in D. japonica specimens 
(Fig. 40).  
Also smed-ast-5 has a highly conserved ortholog in D. 
japonica, while the ortholog of smed-ast-7 appeared quite 
divergent, although it maintained a very similar expression 
pattern (Fig. 42). 
With the exception of ast-7, the planarian astacin genes are 
expressed in the parenchyma, as two ring-shaped areas, located 
dorsally and ventrally around the pharynx. However the labelled 
cells appeared arranged in positions more or less deep in the 
parenchyma and also showed slight differences in the distribution 
pattern. These data suggest that different subpopulations of 
secretory cells, resident in this region, selectively express the 
different astacins. The planarian secretory cells have been 
characterized on the basis of histological studies and 
immunological methods (Zayas et al. 2010). Secretory cells are 
distinguished mainly in acidophilic and cyanophilic cells, both 
present at the sub-epithelial level. While the acidophilic cells, 
distributed throughout the planarian body, with a tendency to 
cluster at the extremities of the animal body, especially on the 
ventral surface, the cyanophilic cells are found in the dorsal 
region of the head and in the mesenchymal region near the 
pharynx. These cells are large, round, or slightly polygonal. The 
cytoplasm is generally homogeneous, but in some cases is 
provided with round secretion granules of varying size (Pedersen, 
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1959). However, in term of gene expression, the secretory cells 
localized in the pharyngeal region are the least characterized 
(Pedersen, 1959, Zayas et al., 2010). For localization and 
characteristics, the cyanophilic secretory cells are the main 
candidates to express astacins.  
The ast-7 expression in the digestive system is a feature 
typically conserved in astacins with an ShToxin domain. For 
example, in Podocoryne carnea, expression is concentrated to the 
manubrium, the feeding organ of this organism (Pan et al., 1998). 
However novel functions in morphogenesis, and also in the 
regulation of the proliferative activity of the cells, have been 
recently recognized for some astacin-like proteins with an ShK 
toxin domain. As an example, The astacin-like metalloproteinase 
of Podocoryne carnea, PMP1, has been demonstrated to possess 
a dual role in digestion, as well as in development and 
morphogenesis (Pan et al., 1998) pf-ALMP, isolated in oyster 
Pinctada fucata, is involved in cell proliferation, and the cysteine 
arrays in the Shk are necessary for the regulation of the 
proliferative activity (Xiong et al., 2006). For these reasons it is 
possible that the presence of the ShK toxin domain in the 
planarian AST7 can be required not only for digestion, but also 
for the control of proliferative activity of neoblasts. RNAi based 
functional experiments will be necessary to verify this intriguing 
hypothesis. 
Whole mount hybridization of regenerating fragments showed 
that the astacin genes do not modify their expression pattern 
during regeneration. However a decrease of the level of 
expression of all analyzed astacin genes could be observed at 
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three days of regeneration. Although the validity of such data 
must be confirmed by real time RT-PCR experiments, these 
preliminary results seem in agreement with what is described in 
Hydra, where the two astacin genes, HMP1 (Hydra 
metalloproteinase 1) and HMP2 (Hydra metalloproteinase 2) 
modulate their expression levels during regeneration. However, 
the molecular mechanisms that regulate the different levels of 
expression are still unknown (Sarras et al., 2002). 
The role of astacins appears to differ among different 
organisms, but generally these enzymes emerge as extensively 
involved in morphogenesis and development, in ECM 
remodelling and digestion (Bond and Beynon, 1995). To uncover 
possible roles of astacins in planaria, preliminary RNAi 
experiments were performed with dj-ast-4. These experiments 
demonstrated that dj-ast-4 knockdown caused alteration of the 
tissue consistence and blocked the regeneration process. 
Although it is difficult to understand the biochemical and 
biomechanical principles that influence the stem cell fate, 
alteration of the tissue consistence suggests an involvement of 
this protease in the maintenance of the integrity of the ECM 
and/or in the process of remodelling of this structure. It is 
interesting to note that the rigidity and elasticity of ECM, in 
addition to the scaffold function, can have a significant influence 
on cell behaviour including migration (Guo et al., 2006; Pelham 
and Wang 1997), apoptosis (Wang et al., 2000) and proliferation 
(Hadjipanayi et al., 2009). In this context the dj-ast-4 RNAi-
mediated structural alterations of the ECM, could hamper 
migration of neoblasts. Altered mobility could prevent these cells 
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to reach, or reach the wound region with consequent problems to 
initiate regeneration. As a further possibility, I cannot exclude 
that this gene is involved in the regulation of the neoblast survival 
and/or proliferation. Further analyses by real time RT-PCR 
experiments using specific markers, will be necessary to pinpoint 
the function of these proteases. 
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2. ADAMs 
 
 
The ADAM family comprises different members with pivotal 
functions in cell adhesion and proteolytic processing of the 
ectodomains of diverse cell surface receptors and signalling 
molecules. A comprehensive in silico search identified 11genes 
coding for potentially active ADAM proteins in the genome of S. 
mediterranea. This result confirms that the ADAM gene family 
in invertebrates is much smaller than in Vertebrates. Drosophila 
and C. elegans, for example, have only 2 and 6 genes 
respectively, while in mice there are at least 37 sequences coding 
for ADAM proteins (Edwards et al., 2008).  On the basis of their 
similarity to mammalian and Drosophila counterparts, the 
planarian genes have been subdivided in two groups a) adam-like 
genes (smed-adam1, -2, -3 and -4) and b) kuzbanian-like genes 
(smed-kuzbanian1, smed-kuzbanian-2, smed-kuzbanian-3 and 
smed-kuzbanian-4 complex).  
The analysis of the genomic organization of these genes 
revealed that some kuzbanian-like genes (smed-kuzbanian-1, 
smed-kuzbanian-2 and a representative member of smed-
kuzbanian-4 complex) showed an intron-less organization, while 
smed-kuzbanian3 presented a genomic organization interrupted 
by introns (seven exons separated by six introns). The absence of 
introns is a feature shared by other adam genes of different 
organisms, but it was never observed in members of the 
kuzbanian-like family (White et al., 2005). The presence of 
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introns only in smed-kuzbanian3 suggests that this gene 
represents the most ancient gene. This gene could have retained 
an ancestral function. Based on the function in other organisms, 
smed-kuzbanian3 related gene could play a role in 
DELTA/NOTCH signalling. Interestingly, kuzbanian-like genes, 
with the exception of those in Drosophila, are single-copy genes. 
The presence of an expanded kuzbanian-like family in planarians 
is intriguing and suggests that each of these metalloproteases 
specifically modulates NOTCH, allowing a fine regulation of its 
activity. The presence of processed smed-kuzbanian genes could 
be explained by events of retro transposition. In planarians 
transposons cover about 31% of the genome and could be 
important in creating genetic diversity, as well as adaptability to 
changing living conditions (Burke et al., 2003; Friedlander and 
Patarca, 1999). The analysis of the expression pattern of the 
planarian kuzbanian-like genes supports this possibility. While 
smed-kuzbanian-4 genes are expressed in the parenchyma, smed-
kuzbanian3 is expressed in neoblasts and their progeny, but also 
in the CNS. The signal that DELTA/NOTCH plays typically 
based on a binary choice, depending on the cells with a 
differentiation potential receptor, or ligand, this will take a 
different fate (Fortini, 2009). smed-kuzbanian3 might play a role 
in directing neoblast lineage(s) toward a neural fate. Accordingly, 
smed-kuzbanian3 is overexpressed in the CNS during 
regeneration (Fig. 62). There are many literature data showing 
that DELTA/NOTCH pathway is activated during the events of 
organogenesis, including the CNS. In Drosophila loss-of-function 
mutations in kuzbanian, which is expressed in the nervous 
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system, cause dramatic defects in the development of CNS, with 
many axons stalling and failing to extend through the nerve cord 
(Fambroug et al., 1995). In mammals, the neurospheres derived 
from Adam10 knockout mice, have a disrupted sphere 
organization and segregated more neurons at the expenses of 
astrocytes. In this phenotype Notch-1 processing was affected, 
leading to down-regulation of several Notch-regulated genes 
(Jorissen et al., 2010). If smed-kuzbanian3 plays a function in 
Notch signalling affecting the development of the nervous system 
in planarians remains to be analyzed. 
The expression pattern of the other kuzbanian-like genes 
differs from that of smed-kuzbanian3, as well as from the 
kuzbanian-like genes analyzed in other organisms. For example, 
smed-kuzbanian1 and smed-kuzbanian2 are not expressed in 
asexual planarians, however specific expression was found in the 
gonads of sexual specimens (Fig.61). Also transcripts of smed-
kuzbanian-4 complex, despite of a widely dispersed parenchymal 
distribution in the asexual strain are found in the gonads of sexual 
animals. There are few evidences of expression of kuzbanian 
genes in the gonads. One is represented by madm, the human 
homologue of kuzbanian. The short form of this enzyme is 
expressed at high levels in adult human gonads and is involved in 
cell fate determination (Yavari et al., 1998). It is tempting to 
speculate that the expression of the planarian kuzbanians in the 
gonads guides the cellular differentiation, interacting and 
modulating the NOTCH pathway in this tissue. In Drosophila 
male embryonic gonads NOTCH is required for hub cell 
differentiation. NOTCH signalling seems to act antagonistically 
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to Egfr to regulate germ line stem cell niche formation (Kitadate 
and Kobayashi, 2010). 
Analysis of the domains showed that the consensus sequence 
of zinc-catalytic domain (HEXXHXXGXXHD) is generally well 
preserved, except that found in the protein encoded by smed-
kuzbanian1 and smed-kuzbanian4. These proteins have a residue 
of asparagine instead of glycine. In addition SMED-ADAM3 
lacks the residue of glycine, and one of the three histidines, 
required for the coordination of zinc ion, is replaced by an 
arginine (HEXXHXXGXXRD). It should be noted however that 
arginine has a basic activity due to the presence of a guanidine 
group. Probably this aminoacid acts as a base in coordination 
with zinc ion. Several other organisms possess metalloproteases 
with an apparently altered zinc-catalytic domains, but enzymatic 
assays have demonstrated that the catalytic activity is maintained. 
An example is provided by Homo sapiens ADAMDEC-1, in 
which one of the three histidines is replaced by an aspartate 
(HEXXHXXGXXDV) (Bates et al. 2002). In addition, Zn2+ is 
coordinated with only two histidines (HEXXHXXGXXXD) also 
in in the families of M6 and M7 (nomenclature MEROPS) 
However, a subset of mammalian ADAMs, with a zinc catalytic 
domain degenerated, lacks enzymatic activity (ADAM2, 7, 11, 
18, 22, 23, 29 and 32). Analyses performed using BLASTp show 
that SMED-ADAM3 shows high similarity with some 
mammalian ADAMs (ADAM11, 22, 23). This result suggests 
that SMED-ADAM3 possesses an inactiveZn2+ site, then its 
activity is fulfilled only by the disintegrin domain, as is described 
for ADAMs, showing an adhesion mechanism of action. 
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The consensus of the D-Loop (CXXXXXXCDXXEXC) in the 
disintegrin domain lacks in smed-kuzbanian products, while it is 
present in the other proteins. Also the cysteine rich domain is 
present only in members of the adam-like group, accordingly 
with ADAM proteins from other organisms that lack the cysteine 
rich domain. The function of this domain is yet unclear. It seems 
that the cysteine-rich domain complements the binding capacity 
of the disintegrin domain, and perhaps imparts specificity to 
disintegrin domain-mediated interactions (Seals and Courtneidge, 
2008). For example the disintegrin and cysteine-rich domains of 
ADAM13 bind to both fibronectin and to β1-containing integrin 
receptors, and the binding can be inhibited with antibodies to the 
cysteine-rich domain (Smith et al., 2002). 
smed-adam2 seems to be the only gene encoding an ADAM 
with an EGF domain, showing the characteristic feature of six-
conserved cysteine residues. However the sequence is not 
complete and it is possible that further EGF domains are present 
in the full length protein. The role of EGF domain is not known. 
Probably this cysteine rich region gives substrate specificity or 
increases the range of targets with which it can interact (Smith et 
al., 2002). 
All the planarian predicted ADAM proteins show a 
transmembrane domain at the C-terminus. This domain is present 
in most ADAM members of different organisms and its role 
allows these proteins to localize at the membrane level, where 
they play their functions. 
The cytoplasmic tails of the ADAMs family are highly 
variable both in length and in sequence. This domain contains 
  247 
Discussion 
specialized motifs that have been postulated to be involved in the 
inside-out regulation of metalloprotease activity, in the outside-in 
regulation of cell signalling, and/or in the control of maturation 
and subcellular localization. The most common motifs are PXXP 
binding sites for SH3 domain-containing proteins. These SH3-
binding sites are present in human ADAMs 7, 8, 9, 10, 12, 15, 17, 
19, 22, 29, and 33. However no PXXP consensus sequence was 
found in planarian ADAMs and the length of the tails seems to be 
conserved among different members belonging to both ADAM-
like and KUZBANIAN-like groups. An exception is represented 
by SMED-ADAM2. In this protease no trans membrane domain 
can be detected at the C-terminus and the cytoplasmic tail is not a 
classical because is longer with respect to that described in other 
proteins. Probably this protein is a secreted form. Some ADAMs 
are secreted forms: the human ADAM23 shows three active 
isoforms, α, β and γ that differ for the transmembrane domain. In 
the isoform γ the transmembrane domain is absent and this 
protein is predicted to be a secreted form (Sun et al., 2004).  
ADAM proteins have been implicated in the control of 
membrane fusion, cytokine and growth factor shedding, 
modulating cell migration, as well muscle development, 
fertilization, and cell fate determination. In mammals, many of 
ADAMs (including ADAMs 2, 7, 18, 20, 21, 29, and 30) are 
exclusively or predominantly expressed in the testis and/or 
associated structures. Other members (ADAM 8, 9, 10, 11, 12, 
15, 17, 19, 22, 23, 28, and 33) show a broad somatic distribution. 
For example ADAM 9, 12, and 19 were originally cloned from 
myoblasts (Yagami-Hiromasa et al., 1995), but are expressed also 
  248 
Discussion 
in other tissues. 
 In intact planarians the expression pattern differs among 
different adam- like genes. Although the genes smed-adam1 and 
smed-adam4 codify for many domains, and their structure reflects 
the structure of active proteases, these genes are not expressed in 
asexual planarians. Is possible that these genes are transcribed 
only in specific conditions or in a precise moment of planarian 
development. However no smed-adam1 and smed-adam4 
expression was detected in the sexual S. mediterranea. In mice 
ADAM12 transcripts show a temporally- and spatially-restricted 
distribution in the mesenchymal cells, which are derived from 
mesoderm and neural crests during morphogenesis of skeletal 
muscle, visceral organs and bone (Kurisaki et al., 1998). It is 
possible that the expression of smed-adam1 and smed-adam4 is 
restricted to a specific moment of embryonic development. 
smed-adam2 and smed-adam3 are expressed in asexual S. 
mediterranea. High levels of smed-adam2 transcripts were seen 
as being confined in the parenchymal tissue except the head 
region in front of the photoreceptors and the pharynx. This 
expression pattern reflects the distribution of neoblasts. Real time 
RT-PCR performed in irradiated animals confirmed that this gene 
is expressed in planarian stem cells (Fig. 59). smed-adam2 shows 
high similarity with mammalian ADAM19. Recently it has been 
demonstrated that adam19 is expressed in mesenchymal stem 
cells and its up regulation promotes chondrocyte differentiation 
(Djouad et al., 2007). A reduced ADAM19 amount also affects 
somite organization, and perturbs fibronectin localization at the 
intersomitic boundary (Neuner et al., 2009). In addition, 
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ADAM19 also plays a role in Schwann cell differentiation and re-
myelination, acting as a modulator of juxtacrine signalling from 
axons, activating the Akt pathway and the Krox-20 expression 
(Wakatsuki et al., 2008). Together these data suggest that the 
planarian homolog smed-adam2 plays a role in the 
morphogenesis of CNS during regeneration. During regeneration 
smed-adam2 was foud overexpressed in the region where the new 
CNS is forming and it is possible that this gene is involved in 
neoblast commitment towards a neural fate. 
smed-adam3 shows high similarity with mammalian ADAM14 
(a protein without proteolytic activity, involved in cell migration 
events by its integrin binding properties) and is clearly expressed 
in cells localized in the CNS. The C.elegans homologue of 
ADAM14, UNC-71, has a double function in migration. It has 
been demonstrated that it can acts in axon guidance and sex 
myoblast migration (Huang et al., 2003). The expression of smed-
adam3, in the CNS could be required for the axon guidance and 
its action could be mediated by the interaction with integrins 
present in the CNS. Further RNAi experiments are required to 
clarify the role of smed-adam3 in the planarian CNS. 
smed-kuzbanian-4 members are expressed in the parenchyma 
of the asexual S. mediterranea. The expression appears 
prevalently localized in clusters of cells symmetrically distributed 
along the dorso-lateral region of the body. This pattern suggests 
that smed-kuzbanian-4 genes are mainly expressed in cells that 
could represent germline precursors. However the signal is also 
detectable in the parenchyma around the intestine. In this context 
it is important to bear in mind that 4 different genes correspond to 
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smed-kuzbanian-4 in the genome, with an identity greater than 
85% at the nucleotidic level. It is therefore possible that the 
pattern observed represents the overlap of different patterns, a 
condition difficult to further discriminate. 
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3. MMPs 
 
 
MMPs are metzincin proteases known for their ability to 
cleave one or several ECM constituents, as well as non-matrix 
proteins. In silico comprehensive search in the genome identified 
4 different mmp genes in S. mediterranea, including an inactive 
pseudogene (two of the three histidines in the catalytic domain 
are not conserved, see Fig. 65). Two of these genes codify for 
minimal MMPs (matrilysins: smed-mmp1 and smed-mmp2), but 
the third one encodes a membrane-type MMP. The genomic 
organization of smed-mmp1 and smed-mmp2, (10 exons) reflects 
the genomic organization of mmp genes identified in other 
organisms. For example, the mammalian matrilysin gene MMP-7, 
is also composed by ten exons (Das et al., 2003). On the other 
hand, the genomic organization of smed-mt-mmp, with only nine 
exons and a very long intron, separating the exon 6 from exon 7, 
differs markedly from genomic organization described for smed-
mmp1 and smed-mmp2. However also in mammals the number 
and the size of the exons and introns are often not conserved. For 
example, the human MMP-1, a gene coding for a protein 
structurally similar to SMED-MT-MMP, is composed by only six 
exons (Schorpp et al., 1995). MMP-9, another collagenase of 92 
kDa, is coded by a gene including 13 exons (Huhtal et al., 1991). 
Based on the genomic organization it can be speculated that the 
two planarian matrilysins derived from a gene duplication event 
that predated the separation between S. mediterranea and D. 
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japonica. Two almost identical sequences are in fact present in 
this latter species (cf. Fig. 71). 
 
All planarian MMPs show features that are conserved in MMP 
of different organisms. Only a prodomain and catalytic domain 
constitute the two minimal MMPs. The prodomain is well 
conserved in length, about 80 aminoacids, however contains 
peculiar Cys-switches (GRCGGKD in MMP1 and SRCGGKD in 
MMP2). It has been demonstrated that the substitution of the 
residues present in this region increases the tendency of MMPs to 
undergo spontaneous activation, accompanied by autolytic loss of 
the propeptide domain (Marchenko et al., 2002; Van Wart and 
Birkedal-Hansen, 1990). Probably the divergent planarian Cys-
switches significantly modify the fold of pro-MMP1 and pro-
MMP2, abolishing the functionality of the cysteine-switch motif, 
and stimulating an alternative intramolecular activation pathway 
of the proenzymes. The cys-switch of the planarian MT-MMP 
possesses a sequence (KRCGNPD) more similar to the consensus 
found in similar proteins of other organisms. The only variation is 
the substitution of the first proline with a lysine. In addition this 
protein shows a predicted furin cleavage site (ILKRVKR) 
downstream the cys-switch. This situation is very similar to that 
observed in human MMP-28. In this protein the prodomain, with 
an unusual cys-switch (PRCGVTD) motif, is followed by a furin 
cleavage site (Marchenko and Strongin, 2001). Recently it has 
been demonstrated that furin does not cleave MMP-28, but has 
the function to enhance MMP-28-induced cell migration, serving 
as an intermolecular chaperone (Pavlaki et al., 2011). The 
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enhanced secretion is also due to the interaction of furin with YL 
of YGYL motifs, highly conserved in the propetide of membrane 
type MMPs (Pavlaki et al., 2011). Interestingly, these motifs are 
conserved in the planarian MT-MMP. The presence of a furin 
cleavage and interaction motifs in SMED-MT-MMP suggests 
that furin plays a similar role, serving as a chaperone for 
planarian MT-MMP secretion. Planarian MMP1 and MMP2 
show a typical catalytic domain with the three conserved 
histidines. However in contrast with the structure described for 
other matrilysins, these two proteins possess a long tail at the C-
terminus in which	   no typical domains can be detected. It is 
possible that the long tail plays a role in the interaction with 
substrate and/or regulatory proteins. Since specific tissue 
inhibitors of MMPs (TIMPs), present in all organisms, were not 
found in the planarian genome, also using degenerated primers, it 
is suggestive to hypothesize that the long tail contains regions 
recognized by specific planarian inhibitors/modulators, in order 
to temporally and spatially regulate the proteolytic activity and 
the substrate specificity of these enzymes. 
In addition to the minimal structure, planarian MT-MMP 
possesses a proline-rich hinge that connects the catalytic domain 
with four hemopexin repeats. This structure suggests a possible 
function of this protein in the remodelling of the ECM and, 
consequently, in the migratory abilities of planarian stem cells. It 
has been demonstrated that the hemopexin domain is not required 
for the catalytic activity. However the interstitial collagenase 
(MMP-1) and neutrophil collagenase (MMP-8), without this 
domain do not digest the triple helix of collagen in mammals 
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(Das et al., 2003). The main function recognized to this domain, 
in fact, is its capacity to bind the collagen and laminin-5 in ECM. 
This activity is required for the remodelling of ECM with 
consequent promotion of cell migration. As an example, MT1-
MMP (a membrane-type MMP), and MMP9 regulate 
collagenolytic activity in the pericellular space and subsequently 
are able to enhance cell migration (Doufour et al., 2008; Cao et 
al., 2004; Tam et al., 2002).  
 
Similarly to that observed for astacin genes, planarian mmp1 
and mmp2 are expressed in cyanophilic secretory cells localized 
in the parenchymal region around the pharynx. There are 
evidences of MMPs expression in secretory cells also in other 
organisms. For example matrylisin	   is constitutively expressed in 
exocrine epithelium in humans (Saarialho-Kere et al., 1999). 
The mt-mmp transcripts are widely distributed in the 
parenchymal tissue, in the CNS and in the pharynx. Probably 
different cell types express this MMP in planarians. Literature 
data demonstrate that MT-MMP mRNA is produced by stromal 
cells in mammals. Evidence is represented by the expression of 
human MT1-MMP by stromal elements surrounding the 
carcinoma cell. Proteolytic activities originating from the stromal 
components of human carcinomas have a critical role in tumour 
progression and invasion (MacDougall and Matrisian, 1995). Is 
possible that the planarian MT-MMP, expressed by cells 
surrounding the neoblasts, receives activation or modulatory 
signals from planarian stem cells. After specific stimuli, for 
example amputation, this protein can remodel ECM creating a 
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permissive substrate where cells can migrate. In addition, a 
possible role of this protein in the CNS has been hypothesized. It 
has been in fact suggested that the membrane-type MMPs 
contribute to synaptic changes in the brain, regulating the 
proteolysis of synaptic cadherins and other ECM and cell 
adhesion molecules, important in synaptic plasticity (Rivera et 
al., 2010). The MT-MMPs can act on integrins localized to the 
synapses, further aiding synaptic remodelling (Monea et al., 
2006). Planaria CNS is a structure that undergoes continuous 
turnover, is therefore possible that the activity of this gene is 
continuously required for the proper nervous system function. 
 
The extended body lesions, followed by atrophy and lysis, as 
well as the widespread tissue disorganization observed after 
smed-mmp1 RNAi-mediated knockdown, suggest an essential 
role for this gene in maintaining tissue homeostasis (Fig. 79). To 
assess the possibility that smed-mmp1RNAi causes alteration in 
tissue homeostasis, real time RT-PCR analyses with specific 
markers, specific for different cell types, were performed. A 
significant increase in the expression level of markers specific for 
differentiated cells was detected. Since planarian is a dynamic 
system, with continuous turnover of all differentiated cell types, 
the right balance between differentiated and proliferating 
compartments, is finely regulated. It has been proposed that two 
hypothetical mechanisms act for cell-cell signalling, during 
planarian tissue homeostasis and regeneration: the stem cell 
control mode and the cell-death control mode. In the first 
mechanism the rate of neoblast division is set by a cell-
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autonomous or neoblast-specific control that constitutes the 
primary determinant of the overall rate of cell turnover. Neoblast 
descendants are determined by neoblasts themselves and 
differentiated cells are induced to die by apoptotic signals from 
neoblasts and division progeny.  In the second model the rate of 
cell death is set by mechanisms that act specifically on 
differentiated cells (Pellettieri and Sanchez Alvarado, 2007) (Fig. 
94). 
 
 
 
Figure 94: Hypothetical models for cell-cell signalling in planarians. 
(Pellettieri and Sanchez Alvarado, 2008). 
  
 
 
Apoptosis has a central importance in development, 
homeostasis, tumour surveillance and the function of the immune 
system. Two principal pathways initiate apoptosis: the intrinsic 
pathway and the extrinsic pathway. The intrinsic pathway 
emerges from mitochondria, whereas the extrinsic pathway is 
activated by ligation of death receptors at the cell surface. While 
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the components of the intrinsic pathway are well characterized in 
a large number of metazoan species, the extrinsic pathway 
appears to be more recent in the evolution and little is known 
about its regulatory mechanisms in invertebrates. The extrinsic 
pathway mediates apoptosis in response to some cytokines 
belonging to TNF family (Fas ligand (FasL), Apo2L/TRAIL 
(Apo2 ligand or tumour necrosis factor (TNF)-related apoptosis-
inducing ligand). No TNF or TNF receptor (TNFR) superfamily 
members have been identified to date. In C. elegans, however, 
different homologues of cell death genes involved in the 
activation of the extrinsic pathway are been characterized in 
Drosophila (Varfolomeev and Ashkenazi, 2004). A homolog of 
the mammalian TNF superfamily, called Eiger, stimulates 
apoptosis through a JNK-dependent mechanism. Eiger binds its 
receptor Wengen that is a TNFR-related protein. This interaction 
activates the DTRAF1-dependent DJNK, thereby promoting the 
transcription of Reaper, Hid and Grim. Reaper, Hid and Grim 
bind DIAP1, thus activating the caspase DRONC. This 
mechanism promotes apoptosis (Varfolomeev and Ashkenazi, 
2004). This pathway seems to be conserved in crustaceans, 
although is not clear its exact mechanism of action (Menze et al., 
2010).  
There is some evidence that MMPs can induce cell death in 
different ways (Liu et al., 2008). However it is not clear to what 
extent MMPs participate in the release of cytokine TNF or of 
other shed membrane molecules in invertebrates. In Vertebrates, 
MMP-7 cleaves members of the TNF family, (Gearing et al., 
1994), including FasL (Powell et al., 1999). This ability explains 
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the correlation between expression of MMP-7 in tumours and 
resistance to the chemotherapeutic agent doxorubicin, which acts 
via FasL (Mitsiades et al., 2001). In addition other functions of 
MMP-7 as modulator of inflammation and innate immunity 
(mediated by TNF members) have been described (Burke, 2004). 
To verify if planarian MMP1 influences cell death I performed 
TUNEL assay. A significant decrease in cell death could be 
detected in mmp1-RNAi animals (Fig- 79). Apoptosis is a central 
mechanism, working in concert with stem cell division, to restore 
anatomical form and function. RNAi for BCL2, an anti apoptotic 
factor recently characterized in planarians, demonstrates that this 
protein is required for cell survival (Pellettieri et al., 2009). 
Interestingly, bcl2RNAi animals show lesions and blisters similar 
to those observed after mmp1 RNAi-mediated knockdown. How 
can these results be explained? I think that, although MMP1 and 
BCL2 appear to have opposite functions, the convergence of the 
phenotypes can be explained by a general alteration of signalling 
pathways involved in tissue homeostasis. The mechanisms that 
regulate tissue size and shape are not well understood, but recent 
studies have pointed to the importance of local interactions 
between neighbouring cells. For example in the mechanism know 
as “cell competition”, cells with higher proliferative rate send 
active death signals to neighbouring cells that are in this way 
eliminated by apoptosis. Conversely, apoptotic cells send 
proliferative signals to their neighbours to compensate for their 
loss (Huh et al., 2004; Ryoo et al., 2004). In this way, the right 
balance between the two mechanisms would allow to maintain 
homeostasis. Studies on planarians show that, as in other 
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organisms, the systemic cell death mediated by BCL-2 members 
follows the intrinsic apoptotic pathway (Pellettieri et al., 2009; 
Puthalakath and Strasser, 2002). ). In this context the neoblasts 
could increase their rate of division by a mechanism of 
compensatory proliferation that is a consequence of death signals 
from differentiated cells. The initiation of this response does not 
require planarian stem cells (Pellettieri et al., 2009). However 
nothing is known about the entity of signals that neoblasts send to 
differentiated cells, and that would induce cell death response in 
these cells by the extrinsic pathway. Since no TNF-related 
proteins have been characterized in planaria, and only sporadic 
information about the extrinsic pathway are available in 
invertebrates, I can only speculate that planarian mmp1 plays a 
role in the control of the extrinsic apoptotic pathway, probably 
interacting with unknown TNF factors that are retained in the 
ECM, associated with fibronectin. Based on this model signals 
from neoblasts could activate the pro-MMP1. The active form of 
this enzyme proteolytically generates an active, soluble form of 
an hypothetical TNF. Interaction of TNF with its receptor would 
activate JNK (through TRAF) with a mechanism similar to that 
described in Drosophila melanogaster (Varfolomeev and 
Ashkenazi, 2004), and hypothesized for other invertebrates 
(Menze et al., 2010) (Fig. 95). In silico search of TRAF and JNK 
genes in the planarian genome identified well-conserved 
homologues (TRAF: e-value: e-30, genomic contig: v31.006916; 
JNK: e-115, genomic contig: v31.005863), suggesting 
conservation of this pathway. 
In addition, TNF proteins are pivotal players in innate immune 
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response and are well conserved in diverse organisms (Knorr et 
al., 2009; Ozinsky et al., 2000; Medzhitov and Janeway, 1997). 
Recently, a septic injury-inducible MMP, corresponding to 
MMP1, was identified in planarians, suggesting that the 
interaction TNF-MMP plays evolutionarily conserved functions 
in innate immunity (Altincicek and Vilcinskas, 2008).  
 
 
 
  
Figure 95: Proposed model for apoptotic pathways in planaria. 
 
 
However another possibility is that planarian MMP1 interacts 
with some cadherins at the cell surface and, mediating their 
proteolytic cleavage, can modulate cell behaviour. In vertebrates 
MMPs, in particular MMP-7, can cleave different cadherins 
  261 
Discussion 
producing different responses. In some cases the interaction of 
MMP-7 with cadherins results in the increase of proliferation and 
invasiveness potential; the cleavage releases the cytoplasmic E-
cadherin to the cytosol and increases the levels of soluble beta-
catenins, a key regulator of the Wnt signalling pathway, 
activating proliferation and tumour invasion (Lynch et al., 2010; 
Lynch and Matrisian, 2002; Noë et al., 2001). In other cases the 
interaction between cadherins and MMPs can induce cell death. It 
has been demonstrated that human MMP-7 is involved in the 
cleavage of N-cadherin and in this way it modulates apoptosis in 
vascular smooth muscle cells (VSMC) (Williams et al., 2010). In 
addition MMP cleavage of N-Cadherin appears to be an 
important mechanism promoting apoptosis in HSC (Murphy et 
al., 2004). During this process caspases-mediated β-catenin 
cleavage occurs (Herren et al., 1998). In planarians 2 beta-
catenins are present: β-catenin-1 that is involved in the canonical 
Wnt pathway, controlling the A-P polarity (De Robertis, 2010; 
Iglesias et al., 2008; Petersen and Reddien 2007), and the 
membrane-associated β-catenin-2 that is involved in cell 
adhesion. No nuclear localization of β-catenin-2 was detected. 
Due to the lack of specific interaction elements, β-catenin-2 does 
not interact with components of Wnt pathway, but probably 
mediates adhesion, consequently modulating the behaviour of 
differentiated cells (Chai et al., 2010). It is possible that in 
planarians cleavage of cadherins associated with β-catenin-2, and 
mediated by MMP1, can induce apoptosis (Fig. 96). The cut of 
cadherins and the release of β-catenin-2 would not cause an 
increase of the invasive potential, because β-catenin-2 cannot 
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activate the Wnt pathway required for cell survival and invasive 
phenotype, as described in other systems (Wend et al., 2011). 
This interaction would disrupt structural and signalling properties 
of adherents junctions, thus actively interrupting extracellular 
signals required for planarian cell survival.  
 
Figure 96: Proposed model for apoptosis 
mediated by cadherins cleavage in planaria. 
 
 
Does MMP1 have a biosensory role to mediate signals from 
ECM, coordinating survival death response as a function of 
neoblast signals? This function would provide an elegant 
mechanism by which tissue-remodelling events, regulated by 
neoblasts themselves, regulate cell death or survival in a 
temporal, ECM-governed, manner. The understanding of the 
extracellular signals implicated in the extrinsic apoptotic 
pathway, (important during invasive processes, such as 
inflammation, angiogenesis, tumorigenesis, metastasis and tissue 
differentiation or remodelling), and acting in parallel with the 
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intrinsic apoptotic pathway, will allow to shed light on the 
mechanisms involved in control of apoptotic events that ensure 
homeostasis and regeneration.  
 
During pathologic/physiologic events (ranging from growth 
and development to tumour invasion and metastasis), stem cells 
or neoplastic cells cross tissue barriers comprised largely of 
collagen - the major structural component of the ECM- using 
mobilizing proteolytic enzymes (Murphy and Gavrilovic 1999; 
Benbow et al. 1999;	  Pulcher et al. 1997; Liu et al. 1995). Some 
MMPs with hemopexin domains are able to degrade basement 
membranes and components of the extracellular matrix such as 
type IV, V, VII, X, XI, and XIV collagens, gelatin, elastin, 
aggrecans, proteoglycan core proteins, fibronectin, laminin, as 
well as precursors of TNF-·, IL-1ß, and others (Johansson et al., 
2000). Planarian MT-MMP shows a peculiar domain 
organization: it is a transmembrane MMP with Ncyto/Cexo 
topology, similar to type II MT1-MMPs (Moskos and Bode, 
2003), however the planarian protein does not possess a cysteine 
array and immunoglobulin-like domain at the C-terminal (Bode et 
al., .1999). On the contrary, four hemopexin repeats can be 
detected in this region. This organization makes the planarian 
MT-MMP more similar to vertebrate gelatinases. RNAi-mediated 
knockdown of planarian mt-mmp causes a reduction of the 
blastema size, but no significant variation in the expression level 
of different molecular markers was observed, including those 
specific for neoblasts These data suggest that mt-mmp activity 
influences neoblast migration. During regeneration epithelial-
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parenchymal interaction at wound epithelium and signals from 
the neighbouring damaged tissues (Kato et al., 2001) activate 
proliferation of neoblasts. By asymmetric division neoblasts 
produce a population of transit amplifying cells that migrate and 
progressively accumulate under the wound epithelium allowing 
the formation of a regenerative blastema. On the other hand 
proliferation and migration of neoblasts ensure the continuous 
cell turnover of all differentiated cell types in intact animals. My 
experimental data support the possibility that mt-mmp activation 
promotes cell migration, modulating the ECM composition and 
remodelling. For example, I observed that the expression level of 
mt-mmp increases after a sub lethal dose of X-rays, a treatment 
that induces proliferation of some radioresistant cells, which, 
after migration; reconstitute the entire neoblast population 
(Salvetti et al., 2009). Numerous studies have highlighted the 
importance of MMP expression in tumour cells both in vertebrate 
and invertebrate species (Poincloux et al., 2009; Sabeh et al., 
2004; Hiratsuka et al., 2002; Lynch and Matrisian, 2002; 
Coussens et al., 2000). For example, expression of MMP-9 has 
been correlated with increased angiogenesis and proliferation of 
transplanted tumours (Huang et al., 2002). Tumour cells 
expressing MT1-MMP showed increased ability to grow and 
migrate in 3D matrigel assay, compared to cells deficient for 
MT1-MMP (Hotary et al., 2003). Metastatic ability of 
Drosophila tumours depends on MMP activity (Beaucher et al., 
2007). Transmission electron microscopy (TEM) demonstrated 
that, after mt-mmp RNAi, planarian ECM appeared disorganized. 
In addition, the basal lamina lacked the well-organized three-
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layered structure. The planarian subepidermal basal lamina 
consists of three structural elements: an electron-lucent zone, 
composed by a meshwork of reticular filaments, running parallel 
to the limiting layer, a limiting layer, and a microfibrillar layer 
(Hori, 1992). In mt-mmp RNAi animals the limiting layer and the 
electron lucent zone seemed to be folded on themselves. 
Consequently, this structure did not exhibit the ordered and 
continuous substrate where epidermal cells are anchored (see Fig. 
93). Planarian epidermal cells do not proliferate. Consequently 
the epidermal progenitors, derived from neoblasts, migrate into 
the epidermis to ensure in physiological cell turnover. Planarian 
basal lamina seems to provide the microenvironment that guides 
epidermal progenitor cells from parenchyma to epidermis. 
Laminins, one of the main classes of glycoproteins localized at 
the basal lamina level, (especially in the limiting layer and 
electron lucent zone in planarians: Hori, 1992), affect cell 
behaviour, influencing differentiation, migration and adhesion 
(Miner and Yurchenco, 2004). Many data demonstrate that some 
MMPs cleave laminins of the basal lamina and in this way 
regulate cell migration. In mice MT1-MMP is known to directly 
or indirectly cleave laminin-5. This process is pivotal for wound 
healing (Mirastschijski et al., 2004). The mouse MT1-MMP also 
mediates the cleavage of laminin-5 required for migration of 
mammary epithelial cells (Gilles et al, 2001). In addition the 
MT1-MMP-mediated cleavage of Laminin-5 is a candidate 
mechanism activated during the early phases of tissue invasion 
(i.e. when carcinoma in situ may still be dependent on external 
factors to initiate local invasion: Koshikawa et al., 2000).  In this 
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context is possible that planarian MT-MMP regulates the 
cleavage of laminin in the electron lucent zone level and/or of 
others molecules in the parenchymal ECM around neoblasts, thus 
affecting motility and invasive potential of neoblasts and/or their 
progeny (Fig. 97). 
These findings represent the first evidence in planarians of 
extrinsic regulation of stem cell behaviour induced by the 
microenvironment. 
 
 
 
 
Figure 97: Schematic of an hypothetical model explaining the MT-MMP 
function in cell migration. A) Model of action on basal lamina components, 
such as laminin and type IV collagen. B) Model of remodelling of 
parenchymal ECM surrounding neoblasts.  
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The ECM, once thought to function only as a scaffold to 
maintain tissue and organ structure, regulates many aspects of 
cell behavior, including cell proliferation and growth, survival, 
change in cell shape, migration, and differentiation. The 
positional data contained within ECM and its remodeling are vital 
for cellular decisions during wound repair and homeostasis, as 
well as during developmental processes, such as branching, 
morphogenesis, stem cell maintenance and differentiation. 
Degradation is controlled by complex proteolytic cascades and its 
misregulation results in ECM damage. Proteases, including 
metzincins, influence matrix dynamics at multiple level	   and for 
this reason their activity must be under exquisite control during 
development and in adult tissues. Not surprisingly, misregulated 
protease activity is a common characteristic of metastatic tumors 
and many other disease states. Genetic dissection of signaling 
cascades important for protease mediated developmental 
processes using a simple model system, such as planaria, will 
undoubtedly help to define the physiological targets and the 
fundamental mechanisms of ECM regulation by proteolytic 
enzymes. Planarian cellular plasticity provides a unique 
opportunity for studying in vivo the molecular processes that 
consent to their stem cells to undertake continuous proliferative 
activity and maintain tissue homeostasis. In recent years 
planarians have been increasingly recognized as an emerging 
model organism amenable to molecular genetic techniques 
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(Gentile et al., 2011). This provides us with a new, 
experimentally accessible context in which to study in vivo the 
molecular actions guiding stem cell fate restriction, 
differentiation and patterning, each of which is crucial not only 
for regeneration, but also for the survival and perpetuation of all 
metazoans. Analysis of the genome sequence has opened up a 
new, huge area of investigation into the regulation of the 
extracellular environment during planarian regeneration as well 
as tissue homeostasis. The molecular characterization of the 
metzincins genes reported in my PhD Thesis provides a first 
contribution to pinpoint the complex scenario that involves ECM 
in the modulation of stem cell behaviour in vivo and has the 
potential to provide fundamental information that can be of 
interest for regenerative medicine and cancer research.  
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